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ABSTRACT , }7;7

This report presents a development of the Lagrangian equations of
motion and a FORTRAN computer program for the motion of two
rigid bodies in space, separating as a result of any one, or a combina-
tion of, the following force mechanisms: springs with ball ends,
springs with one end guided, pyrotechnics, rockets, cold-gas jets, air
pistons, and coulomb drag. Two constraints, treated by the method
of Lagrange multipliers, are included as options. These constraints are
the pin-puller delay and the hard-mounted spring constraint. The pin-
puller delay represents the situation when one discrete separation de-
vice (e.g., a pin puller) actuates later than the others, providing a ball
and socket type of joint prior to final separation-device firing. The
hard-mounted spring constraint takes into account the fact that sliding,
at the tip of a guided spring, is usually prohibited either by design or
by inherent friction. The forces arising from the various mechanisms
are represented by the customary mathematical models. No approx-
imations are used in the derivation of the classical equations of mo-
tion; they are numerically integrated by the Adams-Moulton method.

ATlre

I. INTRODUCTION

The separation of two bodies in space is distinguished ~ importance, and the need for an analytical tool to solve
from the many other current applications of dynamics  this dynamic problem is clear. The purpose of the work
to space technology because it is associated with every  presented in this report has been to develop such a tool
space mission. Thus, the problem is of unique, practical  that is appropriate to a variety of separation schemes.
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The basic approach to the problem is a straightforward
application of the Lagrange equations augmented by
undetermined multipliers. The mathematical complexity
of the resultant equations is primarily due to the large
number of degrees of freedom (12) and the coordinate
transformations involved. Many of the more complex
and tedious derivations have been relegated to the
Appendixes.

The computer program, which consists of three chain
links, is written in the FORTRAN/FAP system, and is
compatible with the JPL/IBM 7094 installation.

The input link reads the input data and performs initial
conversions. The locations and directions of all force-

producing devices are converted to the appropriate body-
fixed coordinate system (CS), and initial conditions for
the coordinates are generated.

The integration link applies the JPL integration sub-
routine FMARK to the differential equations. Separate
subroutines for each force type compute the contribu-
tions to the generalized forces. Small matrix operation
subroutines are used throughout this link.

The plotting link accepts the data to be plotted,
generates scale factors, and prepares the other necessary
plotting instructions.

ll. DESCRIPTION OF THE PHYSICAL PROBLEM AND THE
CORRESPONDING MATHEMATICAL MODEL

A. Physical Problem

All space exploration missions require, at some point
in their lifetime, a separation of two bodies. The separa-
tion of an aerodynamic shroud from a launch vehicle,
the separation of a spacecraft from a launch vehicle, and
the separation of an exploratory module from its parent
spacecraft are a few of the more common requirements.

In connection with the common types of separations
that will be encountered, the following force-producing
devices are considered to be significant: rockets, pyro-
technics, cold-gas jets, pneumatic pistons, coulomb drag,
and springs.

Two constraint conditions are considered to be impor-
tant aspects of the physical problem: (1) there is a dis-
persion among latching device release times, and (2)
guided spring tips will not slip on their bearing surfaces.

B. Mathematical Model

The mathematical model assumes two rigid bodices
subjected to the action of forces from the following types
of idealized devices:

1. Linear springs hard mounted on one body and bear-
ing on the other (either with frictionless slippage
or no slippage)

)

Linear springs between the two bodies with uni-
versal joints at both ends

3. Pyrotechnic devices supplying impulsive forces
4. Cold-gas jets—adiabatic processes of an ideal gas

5. Pneumatic pistons—adiabatic processes of an ideal
gas

6. Coulomb drag between the bodies

7. Rockets (constant force), including linear changes in
inertia properties

The primary assumptions concerning the forces are
implicitly contained in the descriptions of these idealized
devices. It has been assumed that the bodies do not have
separation distances that are significant relative to the
distance from the common center of mass (CM) to the
center of any external force-field. The equations of motion
are written in a reference frame that has fixed directions
in inertial space, but that moves with the pre-separation
trajectory of the two bodies; this frame is taken to be
an inertial one. The results are then correct (when used
in combination with a trajectory solution for the common
CM) if there are no forces acting other than the ones
considered in the analysis, or if there is an external force-
field exerting approximately the same vector force per
unit mass on each element of the system.
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lll. SYMBOLS AND CONVENTIONS

A. Symbols

To make the analysis more useful for reference when
writing input for the computer program, a descriptive
listing is made at the beginning of each section detailing
the notation for that particular section.

For clarity, the symbols that are used repeatedly
throughout the text are listed below.

1. Scalars

a;; element of the A; matrix (i** row, j!"
column)

b;; element of the A, matrix

ci; generalized element of either A; or Ay
spring rate
mass

generalized force

k

m

Q

q generalized coordinate
T kinetic energy

T matrix product-A;A ;!

t time

At length of integration interval

X,Y,z inertial coordinates of the CM

o1z, 011y, wr1z- - components of the initial angular ve-

locity of body II about the body II-
fixed CS

2. Vectors and Matrixes

A; (3 X 3) orthogonal transformation matrix that
takes vectors in the inertial CS into vectors in the
body I-fixed CS (see Appendix A)

Ay (83X 3) orthogonal transformation matrix that
takes vectors in the inertial CS into vectors in
the body II-fixed CS (see Appendix A)

e unit vector or column matrix in direction indi-
cated by subscript

I inertia matrix

r I;y—r;

ri; location vector of i*" device in the body I-fixed

CS

rz;  location vector of i device in the body II-fixed
CS

Xy

Iy Y1

21

X11

T Yur

Yy,
xl/’ y!l’ z”

0,4, ¢
/\z’ A-yy )\z

fzs fhys Mz

ror oy
s ty, Mz

Pz> Pys Pz

Wg”y Wy Wy

Wiz’ OIy’, O12°

body-fixed coordinates
drawing board coordinates
Euler angles (see Appendix A)

direction cosines with body I-fixed co-
ordinate axes

direction cosines with drawing board
axes when referring to body 1

direction cosines with drawing board
axes when referring to body 11

direction cosines with body II-fixed
coordinate axes

components of the initial angular ve-
locity of body II in the drawing board
CS

components of the initial angular ve-
locity of body I about the body I-fixed
CS

211

v velocity vector or column matrix

w

angular velocity vector or column matrix

3. Subscripts

i,i,7,s nonspecific indexes
k,1 specific indexes
I refers to body 1
II refers to body 11
0 initial value
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B. Notation Conventions
1. Vector-Matrix

In the interests of economy and clarity, the same nota-
tion is used for vectors and their associated (3 X 1) col-
umn matrixes. The symbolism v is used where it is to
be considered a vector, as in (v X @) or (f+r), and where
it is to be considered a column matrix, as in vTIv.

2. Trigonometric Function

Since the sine and cosine functions of the Euler angles
occur quite frequently throughout the text, cos 6 is
replaced by (c6) and sin ¢ is replaced by (s#). The other
Euler angles are treated similarly. Such expressions, or
groups of expressions, are always enclosed in parentheses

[eg, (—cOspsy +copcy)].

3. Miscellaneous

The miscellaneous notation conventions used in this
report are as follows:

Bold face lower case
letters

vector, (3 X 1) matrix

Bold face capital letters square matrix

ag (3 X 1) matrix formed from
i* row of corresponding
(3 X 3) matrix

atd (3 X 1) matrix formed from
it* column of corresponding
(8 X 3) matrix

Dot () between vectors  scalar product (e.g., f+r)

Multiplication sign (X) cross product (e.g., f Xr)

between vectors

derivative with respect to
time

Dot (-) over symbol

Two dots () over second derivative with re-

symbol spect to time

() transpose

( )t inverse

|v] magnitude of v

] variational operator
8 Kronecker delta

IV. COORDINATE SYSTEMS

The four coordinate systems used in this analysis are:
(1) drawing board CS, (2) inertial CS, (3) body I-fixed CS,
and (4) body Il-fixed CS.

A. Symbols
¢ (subscript) refers to common CM of bodies I and 11
r location vector

€ location vector of CM indicated by sub-

script
Xiz Aip Aiz  cosines of angles between rocket direc-
tions, spring directions, etc., and drawing-
board axes when applicable to body I
pizs piys iz cosines of angles between rocket direc-

tions, spring directions, etc., and drawing-
board axes when applicable to body II

cosines of angles between rocket direc-
tions, spring directions, etc., and body
I-fixed axes

’ ’ ’
Mizs iy, Piz

cosines of angles between rocket direc-
tions, spring directions, etc., and body II-
fixed axes

Pixs Piys Piz

o angular velocity about axis indicated by
subscript

B. Generalized Coordinates

To apply the Lagrange equations, it is necessary to
choose a set of generalized coordinates. By definition,
the generalized coordinates must be independent and
must fully describe the position and orientation of the
system. This analysis employs the three inertial co-
ordinates of each CM and the three Euler angles for each
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body (coordinates are defined in Subsection D). These
coordinates form an independent and fully descriptive
set unless certain special values of either 8-coordinate are
reached. The methods used to circumvent this difficulty
are described in Subsections F and G.

C. Drawing Board Coordinates

The 3-dimensional orthogonal drawing board coordi-
nate system may be selected by the user, subject to the
following restrictions:

1. If the hard-mounted spring constraint is to be pres-
ent, the z” axis must be perpendicular to the separa-
tion plane (this situation is assumed in Appendix B,
Eq. B-1).

2. Since the solutions for 6, ¢, ¢, pitch and yaw rates,
etc., depend on the definition of the body-fixed CS,
which is in turn controlled by the definition of the
drawing board CS, it will usually be convenient to
make the drawing board CS parallel to any sym-
metry or geometric axes that the bodies may have.

D. Inertial Coordinates

The point at which the common CM would be located
if there were no separation is used as the origin of the
inertial CS. The directions of these axes are taken to be
fixed in the inertial CS attached to the fixed stars. The
inertial CS is initially parallel to the drawing board CS.
Because of its motion in the gravitational fields of the
Sun, the planets, the galaxy, etc, this CS is not a true
inertial system; however, as long as the bodies are
sufficiently close to the origin to be in essentially the
same gravitational field, they will move as though this
CS is exactly an inertial system. The results of this
analysis are then deviations from the pre-separation tra-
jectory. To provide initial conditions for new trajectory
calculations, it is recommended that the translation results
be considered in conjunction with the initial trajectory.

Since the orientation and location of the two rigid
bodies relative to the stars and planets is not considered,
certain force effects must necessarily be neglected. For
example, solar pressure effects are not included in the
analysis. The pre-separation trajectory, however, includes
the translational effects of solar pressure, based on the
orientation relative to the Sun before separation (solar
pressure is a function of paint patterns, etc., so that it
is usually a function of orientation). Then, in translation,
it is only the deviation from pre-separation solar pressure
effects that is neglected. Solar pressure torques are
neglected completely.

E. CM Body-Fixed Coordinates and Eulerian
Angles

A body-fixed CS is associated with each body. The
respective CM’s are the origins of these systems, and they
are the references used for locating force-producing
devices.

The orientation of each system is specified by a set of
Eulerian angles that are generated in the following
manner (Fig. 1):

1. Roll through angle ¢
2. Pitch through an angle ¢
3. Roll through an angle y

A more complete description of the Eulerian angles
is given in Appendix A.

BODY

INERTIAL SPACE

\
"LINE OF NODES

Fig. 1. Eulerian angles

F. Coordinate Conversions From Drawing Board
CS to Body-Fixed CS

Although it would be convenient to have the body-
fixed CS initially parallel to the drawing board or inertial
CS, it is not feasible. In both Section VI and Appendix C,
sin @ appears in some denominators; this corresponds to
dependence among the coordinates when either sin §; or
sin §;; vanishes. To avoid this, the body-fixed CS are de-
fined so that ordinary initial conditions do not have either
¢ equal to zero. Also, provision must be made to rotate
(redefine) the body-fixed CS relative to the body if sin 6
approaches zero.

The CM body-fixed CS (Fig. 2) is defined so that the
initial value of 6 is 90 deg. The conversions between
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-
Y,z

' BODY-FIXED CS
“ DRAWING BOARD CS

Fig. 2. Relation between drawing board coordinates
and body-fixed coordinates

drawing board coordinates and body-fixed coordinates
are given in Eqgs. (1) through (3).

— ”
x/“ =X T Ep (1)
) ’

= 2 ey,

i = 2~ . @
i = 7~

o=~ )~ <) @
s = = (47— )

In addition to coordinate conversions, there are also
direction cosine and inertia matrix conversions that must
be made (Egs. 4 through 12).

I\i; = Miz (4)
Piz = Ho;z
/\iy = Miz (5)
Piy = Miz
)\,‘; = T Miy (6)
piz = — M,iy
Iz’t' = Iz”z" (7)
Ly = L (8)
Iz 2T Iz"u" (9)
Iy = Lo (10)

Lo ==Ly (11)
Lo, =1 (12)

For simplicity in notation, the primes on the subscripts
of the I's are dropped for the remainder of this analysis.

G. Body-Fixed CS Redefinition

If §=0.1 and § < 0, or if 6 = 3.04 and 6 > 0, all body-
fixed coordinates, direction cosines, and inertia matrix
elements relating to the body concerned are converted
according to Eqs. (13) through (24); this is sufficient to
assure that sin § will not approach zero.

x,inew = x,iold (13)
y: new — zzold (14)
z,inew = _y’iold (15)
A-1'1'new - /\ixold (16)
Piznew — Pizold
)\iunew = )\izold (17)
Piynew = Pizold
Aiznew = _/\iyold (18)
Piznew — T Piyold
I.’rrnew = Izzold (19)

Liynew = Lezoia (20)
Lonew = —Loyora (1)
Lynew = Lizoua (22)
Liznew = —Lyzaia (23)
Linew = Lyota (24)

The foregoing redefinition is accomplished by rotating
the body-fixed CS about the x’ axis until y’,.. coincides
with z’,,4, and z’n.. coincides with —y’,1a. Since the
Eulerian angles are defined relative to the inertial CS,
they now assume new values (see Fig. 3).

Straightforward application of the spherical trigono-
metric laws of cosines and sines to the spherical triangle
containing the old and new Eulerian angles (Fig. 4) gives

Egs. (25) through (27).
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&
Zold» Ynew Z
Yold
8
old enew
N~ 4
~ ol
Zhew
Bug
X

/ /
Xolds ¥new

Bgewl— —/— N —»

\IJDOW

NEW LINE OF
NODES

OLD LINE OF NODES

Fig. 3. Eulerian angle change due to CS redefinition

¢n|w - ¢old

Fig. 4. Spherical triangles containing new and
old Eulerian angles

Ccos anew = —sin aold CcOos 'l/old (25)

. Sin 1/’0!(1
sSin (¢uew — ¢old) = (1 —sin? 'Goldcosz lpold)‘/é (26)
Sin gew = Sin Y014 Sin 14 @7

(]. — Sin2 00](1 cos? ‘l/old)]/é

Since the computer does not have subroutines for the
arc sine or arc cosine, it is necessary to restate the new

Eulerian angles in terms of arc tangents (Eqs. 28 through
30).

(1 — sin® 6,4 cOS? 010)"

— -1
9new tan Sin 001d COs ll/nld (28)
tan ¢4
= Te——
Pnew Pord + tan cos O14 (29)
ll/ne\v = tan! (tan aold sin ll/old) (30)

The quadrant of 6,., may be obtained from Eq. (25). For
the three ranges of cos yo14, fuew has a value within the
indicated range:

Ccos 'l/old < 0, O < 0new < %
COs ‘I/old = O, 0new = %‘

Ccos 'l’old > O, % < anew <

The quadrant of ¢.ew — ¢po1a may be obtained from
Eq. (29) and Fig. 3. For the two ranges of cos 8,4, the
quadrant of ¢,e — ¢o1q is as follows:

€0S 414 > 0, pnew — ba1ais in the same quadrant as 14
€08 014 < 0, puew = doiais in the same quadrant as 27 — Y14

The quadrant of y,., may be obtained from Eq. (27)
and Fig. 3. For the two ranges of sin .4, the quadrant
of .o 1s as follows:

Sin Y010 =0, Yn.y is in the same quadrant as 0,4
8in yi510 < 0, Yuew is in the same quadrant as 2= — 6,4

These redefinitions are carried out such that the angles
have theranges of 0 < § < 7,0=¢ < 2r,and 0 = y < 27,
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H. Initial Values

If the locations of the CM’s of bodies I and II are &/’

and &} in the drawing board CS, then

” ”
" mpe,, + mys €ng

el = 31
" mye ;’ + myx Bﬁy
ey = AT T (32)
my + My
mpe ;; + my; elie
T T o (33)

m; + my

and the initial values of the generalized coordinates are
as given in Eqgs. (34) through (37).

X0 = & 1z~ ez (34)
Xuo = € g e
_n_n
Yo = ¢ 1y Ecy (35)
—_n __
Yo = & 1y €y
Z Tey T e (36)
Zio = € 1z T €pp
T
O10 = 0110 = ? s P10 = P10 — 0 (37)
Yo = Ym0 = 0

The initial values of the components of the translational

velocities are
X10 = o1y’ 10 — 012’ Y10

Y10 = o1z X10 — 0127 Z10

.
210 = o1z’ Y10 — w1y’ %10
and
Xiro = w1y’ X0 w11z’ Y 11o
g _—
Yo = w11z’ X110 — o112’ Z 110
.
Zio — o1z Yo — oy’ 110 (38)

The components of the initial angular velocities are
determined in Appendix C, Egs. (C-10) through (C-12).
Note that initially

W T O T o (39)
Wy = o1y0 + Wz (40)
Wiy’ = wy”

w1z = @z T T 0y (41)

Where o,-, w,~ w.- are the initial angular velocities of
body 11 in the drawing board CS; the bodies are assumed
to be connected at ¢t = 0, but a relative roll rate about z”,
namely oy, ,, is permitted.

V. SOLUTION TECHNIQUE

Because of the ease with which the constraint con-
ditions can be included in the Lagrangian formulation,
this method was chosen for the derivation of the equa-
tions of motion.

A. Symbols

f, force due to i** device

© generalized force

q generalized coordinate
T kinetic energy

t time

M Lagrange multipliers

B. Lagrange Equations

The Lagrange equations, in the form most useful for
this problem, are given by

d(oT\ aT
#57) 0 -

The generalized forces for the chosen coordinates are
given by Egs. (43) through (48) (see Appendix D).

(42)

@z‘ = = f,' *€ir (43)
Qy =3 fi ‘€yy (44)
Qz - 2f.~°e,-z (45)




«
©e = X (all torques about ¢ axis) (46)
@¢ = = (all torques about ¢ axis) (47)
&y = 2= (all torques about y axis) (48)

The 4 axis is defined as a line passing through the CM
perpendicular to the plane in which 6 is measured; the
¢ axis and the ¢ axis are defined similarly.

C. Constraints

Since the coordinates are no longer independent when
constraints are present, Eq. (42) cannot be directly
applied.

There are several methods of incorporating constraints;
the method used here is the Lagrange multiplier tech-
nique. This technique uses nearly all of the mathematical
machinery available in the unconstrained case, and is
readily adaptable to numerical solution.

It can be shown' that if the constraints can be put in
the form

Eelsdqs+eltdt:0 (49)

where [ is used to indicate the different constraint equa-
tions, the equations of motion may be written in the form

d /T oT
E(a‘q)— T%'_Qs +IE)\zezs
s=12 - ,12 (50)
together with

zelsq.s + €1t :0
=12, - ,l,, l,=number of constraints  (51)

where A; are the undetermined Lagrange multipliers.
These make 12 + 1,, equations in the 12 + I, unknowns

[g:s(s=1,---,12), and
that must be solved.

Although more equations must now be solved, most
of the terms are calculated in the same manner as when
no constraints are acting.

'Goldstein, H., Classical Mechanics, Addison-Wesley Publishing
Company, Inc., Reading, Massachusetts, 1959, pp. 40-43.
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Since the constraints to be dealt with are both sclero-
nomic and holonomic, they are of the form

fl (ql’ o ’q12) =0 (52)
from which we obtain
of, . of .
28 2. dg, =0, % 2, gs=0 (53)
and
0
ers = agls , e =0 (54)

To make the constraint Egs. (51) compatible (for nu-
merical solution) with the Lagrange equations, they must
be differentiated once more, with respect to time, giving

> (éls ds + e q8) =0 (55)
or
E €15 (.is =71 (56)
where
= — Eéls ds (57)

Equations (50) and (56) are then the complete set for
the 12 + I,, unknowns.

D. Units

Since rocket thrusts, spring forces, etc., will normally
be reported in pounds (force), and masses will normally be
reported as earth-surface weights (pounds mass), and
dimensional locations will normally be reported in inches,
it will be convenient to employ the following system:

Quantity Unit
Force Ibf
Mass Ibm
Time sec
Length in.

This is not a consistent system of units; that is, the
equations of motion will not be dimensionally correct if
the values reported in this system are entered directly
into the equations. Dimensional consistency is obtained
by multiplying the generalized forces by the constant
k = 385.7 in./sec®.
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VI. FORCES

The forces must be expressed explicitly so that they
may be entered into the equations of motion. The forces
are divided into groups (depending on how they are
produced) and are then added appropriately. For any
particular problem, however, most of the forces will be
absent. The program (Sections IX through XIII) has been
written so that the sets of force calculations may be
avoided to save computation time.

A. Components of

@ generalized force
@ component of ) due to coulomb drag forces
& component of © due to explosive forces (pyro-
technics)
g component of ) due to cold-gas jet forces
M component of @ due to pneumatic forces
& component of () due to hot rocket forces
of component of () due to body II hard-mounted
springs
Q0¥  component of ) due to universally-jointed springs

The summation equation for the components of () is

Oy =Dy +E+ Fat N+ Re+ s +00s (58)

where

S=I,, s ,ILp

B. Coulomb Drag

A coulomb drag force is assumed to act between two
points, one on each body, which are initially coincident.

3. Generalized Forces

The generalized forces are given in Egs. (61) through (66).

Vig
Qe = E<— D; m

Vi
= 3(- P

10

)
)

The drag force ceases when the separation distance ex-
ceeds some selected value. This model represents the
usual idealization of electrical disconnects and similar
devices. The forces are constant during their action time
and take the direction of v; (defined below).

1. Symbols

D; estimated potential drag force at point i

D; magnitude of i** drag force

d; separation distance vector at point i

d; separation distance at point i (see Egs. 59
and 60)

d;; separation distance beyond which i"* drag
force ceases

v; separation velocity at point i (see Appen-
dix E)

€s, €9, €y unit vectors in the 8, q§, and \b directions

2. Distance d;, Between a Point on Body I and a Point on
Body II

Clearly
di=r; —rp=r+ A}r = A'fll'{n' (59)
where
[ di, T -'X}Ii
d; = di_r/ » ;= y{i
L di: . z;i
[ Xt 1
i AT r=r1— Iy (60)
| Rlni ]
= — e (61)
= _@II!/ (62)
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e = E(‘ D; Viz) = —Dna

[(AT £5) X v,]} en

(B

[(A;r l'Ii) X Vi]} ‘e

Di = D,' lf diédif
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(65)

(66)

(67)

Duo, Durp, and Py are found by replacing I by II and reversing sign in Eqs. (64), (65), and (66). The unit vectors are

(c¢r) [ 0 7 [ (sisgr) ]
€10 = (S¢I) > €9 — 0 > €y — ("‘501 C(I)I)
0 | 1] L (cby)
(C¢II) ( 0 7 [ (Son S¢n) T
e =] (séu) |» ey = 0 , eny = | (—sfucen)
0 [ 1] | (cfn)

C. Pyrotechnics

(68)

Forces due to pyrotechnic devices are considered to be impulsive in nature, and are taken to act between the two
bodies, as in the case of bolt cutters, explosive bolts, and linear separation charges. The devices are assumed to have

fixed locations and directions relative to body II.

1. Symbols

E; force due to i** pyrotechnic device

I; total impulse of i** device

t; firing time of i** device

At  integration interval

p; direction cosine vector of the i** device in the body

IT CS.

2. Forces

The impulses are idealized as constant forces acting over one integration interval. Thus

At At
Ei:() fOl' t<t; — — or t>t;+_'
2 2
L At At
_ L _A ey AL
E; Af for t; ) t=t, + 3

(69)

11
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The generalized forces are given in Egs. (70) through (78).

_ vreg, Tz )
b1 = }1: E; b Pi le — xul = ~bns (70)
Ep = EE.bm)T.P.iu‘_)_:_(g (71)
Iy i i k3 |xI _ xIII 11y
= JE;b®T. Piw = — & (72)
i |1 — xul
o = | SELKths + 1) X (AT, ]| - (73)
Sup = SENAT K + 1) X (AT, P} |+ (74)
= { E, A" l'u,, l‘) X (A’fl P,)]} *Cry (75)
(Sn {A I[ El 1Ii >< P@)T} * €116 (76)
Eup = {A 1[ E1 i X Pi) } *enr¢ (77)
611 = {A I[ EI 14 X Pt)T} *Cuy (78)

D. Cold-Gas Jets

Cold-gas jet reaction systems are assumed to be of the constant volume, unregulated type. The adiabatic process
of an ideal gas approximation is made in this section.

1. Symbols

A;. area at exit of nozzle jet i
A;, area at throat of nozzle jet i
Ci,,Ci»,Ci, constants for jet i depending on nozzle geometry and properties of working fluid

£, fio,f.  constants for jet i depending on initial conditions, nozzle geometry, and properties
of working fluid

J: vector force of jet i
J: magnitude of the vector force of jet i
J.t  value of jet force below which J; may be considered zero
M;. mach number at exit of jet ¢
p pressure
Piro  initial pressure in bottle for jet i
R gas constant for working fluid as in pv = RT
T absolute temperature
T initial temperature in bottle for jet i

t time

12




a;

Y

A

/\i:c» /\iy: /\i::

Pixs Piy, Piz

time at which i*" jet fires

time at which i** jet cuts off

t— %

volume of bottle for jet i

specific volume

i** nozzle divergence half angle

ratio of specific heats, c,/c,, for working fluid

nozzle divergence factor for jet i

cosines of angles between thrust vector for jet i and body I axes

cosines of angles between thrust vector for jet i and body II axes

JPL TECHNICAL REPORT NO. 32-912

It is assumed (in Appendix F) that the total mass expelled by the cold-gas jets is negligible compared to the total mass

of the body.

2. Forces

The vector force is given in Eq. (79), where either

or

]i =I (Aiz e + Aiy €y + Aiz el:')

Ji = Ii (Piz €112 + Piy Crry’ + Pizellz')

(79)

This subsection contains all of the definitions necessary to use the force equations. Appendix F details the derivation

of the following equations.

fil

Le=t=t;, Ii=(—m

t <t or t >t or Ii < sty Ji=0

Where

And where

fii=(—2iCi1Ciz + Aie Ciz) piro

. 7_1 2 Y+1/02(y-1)1] ) ‘/éAig
w= (7)) T,

_ %
f, = )
1
A= (1 + cos a;)
PA Y+1/02(y-1} v 14
o=-a(m3) T (®)
M. (yR)*
— %
Cic = (1 + 15— lM,.,z)

(80)

(81)

(85)

(86)

13



JPL TECHNICAL REPORT NO. 32-912

-1 =Y/ (y-1)
Cu= (14 g )

M, or the nozzle area ratio is to be determined from Eq. (89).

Ai +1 y+1/(2(y-1)1 —1 —y+1/[2(y-1)]
W= (___Y 5 ) M;. (1 + 15— M,-ez)

The generalized forces are given in Eqgs. (90) through (102).

Jre = a®T [2}]4 K,-]

o= 30

Gr: = a®T [E' I M]

Hro = [Zi]; (rf: X X;)] * el
Fre = [2.-]‘ (rf; X xi)] *els
Jw = [E'_Is (ri; X N)] "€y
Jur = b7 [2 Iip;]

Gy = b7 [E Ii Pi]

Tu: = b®T [; Ii Pi]

Fue = [Z1s (i X Pi)] e
Jup = [2 Ji (¥l X p;)] “elip

Juy = [lE Ji (vl X P.-):l ‘ehy

where

(88)

(89)

(100)

(101)

(102)
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E. Pneumatics

Pneumatic ejection systems are modeled as a number of piston-cylinder assemblies fixed in body II and connected
to a central reservoir (with or without regulation). It is assumed that the gas process is adiabatic, and that the gas

is ideal.

1. Symbols

Vs

b (subscript)
i (subscript)
p (subscript)
0 (subscript)
Y

Pizs Piys Piz

2. Forces

area of piston face

regulator existence index: if 0, there is no regulator; if 1, there is a regulator that remains closed after

Po = py; if 2, there is a regulator that remains open after p, = p,
displacement of i** piston from closed position (see Appendix B)
value of j; such that p, = p,

distance at which i** piston separates

magnitude of the i** pneumatic force

pneumatic force vector of the i** piston

pressure

volume of gas bottle, including all lines upstream of the faces of the closed pistons

gas bottle

refers to the i piston assembly or a part of the assembly
piston chamber

initial conditions

ratio of specific heats for working fluids

cosines of angles between piston rod i and the «f; yf; z; axes

Using the results of Appendix H, the forces are calculated as shown in Eq. (103).

The factors that must be taken into consideration when calculating the value of N; are: whether or not there is a

Ni = Ni (Piz‘ €11 + Piy Crry’ + Pix eIIz’)

pressure regulator and, if there is, whether or not it stays open after p; = p,.

Where J =0,
if

then

if

then

i‘i < imax,i
A\
Ni:pboAi l+$ /
Ve
ii = imax, i

Ni:()
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Where J =1,
if

then

if

then

if

then

Where | = 2,
if

then

if

then

if

then

Where

and
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ii = ieqp,i
N; = Pori A;

ieqp.i < ii < imnx,i

LNy
N; =pi As <_]e;.1‘)' 1)

ii éieqn,i
N; = ppiAi

fe!lp,i < fi < imnx'i

SAcb \ 7
Ni=puAi e
Poi 4 ”vbzAkck>
k

bk = ik if ik < ieqp,k

bi = ik = feqp.x if fean,k = i

Ck = ik if fk < ieqp,k

Ck = feap,x if feqp.k’éik

(107)

(108)

(109)

(110)

(111)

(112)

(113)

(114)

(115)

(116)
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4

The generalized forces are given in Egs. (117) through (126).

— h(UT. X1 %

O/l b( ) [2 N1 Pz] |x _ xIIl O/lllz (117)
=b®T- [N, p;

Wy [2 pi ]Iy — yn — Ny (118) ‘

-z |

Wy, = bITo [E N; p,]m — N (119)

Wze = [2 Ni (AT ;) X (A% Pi)] ‘€0 (120)

Wy = [2 N; (AT ) X (AL Pi)] e (122)

N = — [E N; (l';n X P,)] * €10 (123)

Nugp = — [2 N; (riy; X Pi)] *efnp (124)

Ny = ~ I:E N; (ri; X Pi)] *ehy (125)

Where

B -]
ew=|(s0) [, ep=|[0], ew=co (126)
0 1

The unit vectors with regard to the body II-fixed CS (€’1s, €114, €'n1¢), are given in Egs. (102).
F. Rockets

Provision is made for attaching body-fixed, constant-force rockets to either body I or body II.

|
|
1
Mg = ['E Ni (AT ) X (A% Pa)] “ers (121)
1. Symbols
imi, -+ + L. moment of inertia degradation rates
my;, My mass degradation rates
R; vector thrust developed by i** rocket
R; magnitude of thrust developed by i** rocket
R; rated thrust level of i** rocket
t;e time at which i** rocket starts firing
t;; time at which i** rocket ceases firing
Xiz, Ny, Aiz  cosines of angles between thrust vector for rocket i and the «f, y1, 21 axes
2. Forces

The forces described in this subsection are of the same form as those described in Section VI D, except that the
rocket forces are constant with time.

17
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]

If ¢ is not between #;. and t;;, rocket i develops no thrust; however, if ¢ is between t;, and t;,, it is assumed to develop
full thrust. Therefore, the thrust magnitude is as described by Eq. (127)

If t <t then R,‘ =0
If ie—ét—éti/ then Ri = Bi
If iy <t then R;=0 (127)

Consequently, the components of the rocket contribution to the generalized forces are as given in Eqs. (128)
through (139).

Kz = a7 [2 R; xi] (128)
Ry = a7 [z R; xi] (129)
Fue = a0 [ZRN] (130)
Rie = [?‘ R; (ri; X M)] “el (131)
Rip = [? R; (r; X M)] *ey (132)
Fup = [ SR et X M) el (133)
Ruz = bOT+ [;Ri Pi] (134)
KRuy = bOT+ [z R; pi] (135)
Ruz = b®T e [E R; Pi] (136)
R = [; R; (rf; X Pi)] “ef (137)
Rup = [? R; (rfr; X Ps)] *efip (138)
Ruy = [? R; (ris X Pi)] “eny (139)

3. Mass and Moment of Inertia Decreases

During the firing of the rockets, the mass and the moments of inertia (of the body on which the rocket is
mounted) will decrease. The amount of mass remaining is shown in Egs. (140) through (145).

If
t=t, then my = my, (140)
t(cét < ti/ then ml = mlo - (t - tie) E 1’)"11,- (141)
ty =t then my = my, — (i — tie) zﬁlli (142)
t=t,, then My = Mo (143)

18
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tie <t <ty then My = My, — (¢ — tie) 2 My, (144)

t,'f ét then mII = mno - (t,f - tie) 2 mni (145)

The principal moments of inertia will decrease in a similar fashion. It is assumed that the inertia decrease can be
adequately approximated by a linearization. It is also assumed that the mass loss has no effect on the products
of inertia.

G. Hard-Mounted Springs on Body Il
The usual linear-spring assumption has been made in this section; however, there is provision for the use of an experi-
mental spring efficiency factor. No provision has been made for the spring-tip sliding friction. In practice, the static
coefficient of friction is usually several times higher than the necessary value to prevent slippage so that the constraint
mode will almost always be present (see Appendix H).
1. Symbols
fi length of extension of i** spring
N restriction index (if N = 0, there is no constraint; if N > 1, the constraint is operating)
rn;  location of tip of spring i in the inertial CS (see Appendix B)
S; force in i** spring
Sis residual spring force
Sio initial force in i** spring
n spring efliciency factor

pizs piy> piz  cosines of angles between spring i and body II axes

2. Longitudinal Forces in Springs

The vector representation of the i** spring force is given by Eqgs. (146) and (147).

If
0=k <Si, — S
then
Si =92(Sio — kifi)(pic€r1er + piy€uy + piz€rs) (146)
If
kijii=S;,,— Sy
then

S, =0 (147)

3. Generalized Forces

Because the Lagrange multipliers automatically supply the forces necessary to prevent slippage, only the longi-
tudinal forces in the springs need be considered.

Then
Jur = _a(l)TZ Sipi = — i (148)

19
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Iy = —a®TIS,ps =~y (149)
S = "3(3)T§Si Pi = —dr (150)
o = — [2 S; (riu X p,»)] 1o (151)
Sup = — [‘E i (rin; X Pi)] ) (152)
Iy = — ['2 S: (rii X Pi)] *efy (153)
cfro = 312& [(rizs — 7)) X (Ag Pi)]% “er (154)
Jip = 3?51' [(ris — 10 X (Aj Pi)]g e (155)
Sy = 31251- (v} — 1) X (A} Pi)li "ew (156)

where the unit vectors have been previously defined.

The equation for ry; is derived in Appendix B:
Ty; =g+ A;rl ry; + fi A’fl P

Clearly, ryy; — 1y is the vector connecting body I's CM and the tip of spring i, but expressed in inertial coordinates.

H. Universally-Jointed Springs

In actual practice, universally-jointed springs are rarely used. They do, however, closely approximate hard-mounted
springs when the guiding is poor, and the relative motion is small (see Appendix H).

1. Symbols
d; vector connecting spring attachment points
k; spring rate of i** spring
W, force in i'* spring
W, residual spring force
Wi, initial force in i*" spring
w; atemporary notation convention (see Eq. 159)
7 spring efficiency factor
2. Forces

With universal joints at both ends, the spring force lines up with the vector connecting the two attachment points.

20
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If
0=k; (|di| — |dio]) < W0, — W,
then
W=7 (Wi — k(1] = 4] 15 (157)
If
kidi=W;, — W,
then
W, =0 (158)

For simplicity in notation, let

oy = LW~ i Jd ) (159

Then
W,' = w; d,’ (160)

The generalized forces are given in Eqs. (161) through (166).

Dhe = gw; di: = — W (161)
! Wy = Eiwi diy = — Wy (162)
{ W = ?wi di: = — W, (163)
Whe = ;izwi[(AI 1) X d.-]} "€ (164)
Wy = ;2 w; [(A] 1) X d,-]} e (165)
Wy = ;iZwa [(AT ri:) X dilg ey (166)

The values of OP11s.4.y are obtained by replacing I by IT in Egs. (164) through (166).

VII. EQUATIONS OF MOTION

A. Unconstrained Case

The unconstrained equations of motion are determined from the Lagrange formulation as outlined in Section VB.

The details of the calculation of the terms may be found in Appendix I. The equations of motion are given in Egs. (167)
through (172).

mi=@Q,=p; (fromq=7x) (167)
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mj=Qy=p, (fromgq=y)
mZ=O,=p, (fromq=2)
M6 +med+myuy=p+Q=p. (fromgq=0)
Myl + Moy + Moy = p, + Op=p;  (fromgq = ¢)
Ms 6+ My d + mys § = ps + O =ph (fromgq = ¢)

where

my, = L, (¢ y) — 2L, (spcy) + L, (s y)

my. = [(Le — Ly) (s cy) + Loy (c* ¢ = 52 )] (s6) + [Tec (cy) — Lz ()] (c6)

myy = Lo (cy) — L: (sy)

my, = My,

Mo = (s 0) [Lu (s ¢) + 2L, (sy cp) + L, (c2 )] + 2(s6 c) [Ls (sy) + Lz (cy)] + (c*6) Lz

m., = (s6) [Le: (s¢) + Lz (cg)] + (c6) L.

my, = My,
mys = My
myy = L.

pr = (s6) ¢5l’ (4L, (sycy) — (L. — L) (c* ¢ — sty) — L] + 2685 (L, — L) (s¢ cy) + Ly (cy —s* ¢)]
+ 2 [La (sy) + L. (cy)] + 62 (s8 cb) [Tz (s? ¢) + 2L, (sy cy) + L, (c*y) — L]
+ 9.52 (c20 —520) [L: (sy) + Lz (cy)] +2 (ch) [L,: (sy) + 1z (cy)]

p. = —2¢ {6(s0¢h) [Ies (s2y) + 2L, (s cp) + Ly (c*y) — L] + 9 (s 6) [(Lr — L) (59 c9)
+ Ly (g — s29)] + 6(c28 — 20) [Lea (s9) + Ls ()] + 4 (58 ¢6) [L (cy) — Lis (s)])
— 0 {6(c) [(Les — L) (s ) + Ly (¢ — 5%9) + §(s0) [(Lr — L) (¢ y — 52 9) — 4L, (sy cy)]
— 6(s6) [L+ (c9) — L (s9)1) — 4 (4 (s8) [Tz (cg) — 1,z (s9)] — 8 (s6) L))

Py = —2 (6(ch) [Le(sp) + L (c)]) + & (0) {(c2y = * ) [Lr — L) 6 + Loy b (s8)] + OL:c)
+ (Le = 1) (spcy) [92 (52 0) — 62] — 41,06 (s0 sy cy) — [L: (cp) — Lz (s9)] $° (s6 c8)
—1,,0° (¢t y — s )

It is understood that Eqs. (167) through (184) are to be applied to both body I and body II.

@, =k©,,  where k = 3857 in./sec?
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(168)
(169)
(170)
(171)

(172)

(173)
(174)
(175)
(176)
(177)
(178)
(179)
(180)

(181)

(182)

(183)

(184)

(185)



The unconstrained equations of motion can then be written as

where

m 0 0 0
0 m O 0
0 0 m O
0 0 0 my
0 0 0 myy,
M = 0 0 0 myy,
0 0 o0 0
6 0 o 0
0o 0 o0 0
6 0 o 0
0 0 0 0
| 0 0 o 0

B. Constrained Case

Since it is assumed that both constraint conditions will not be required at the
same time, a set of constrained equations of motion has been derived for each
constraint condition. These equations, with their attendant definitions, are given
in Appendix ] (see Appendixes K and L). Each set consists of 15 second-order

differential equations.

C. Numerical Solution

In either the constrained or unconstrained case, the equations of motion are
solved for the accelerations by Cramer’s rule. The accelerations are then doubly

0
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0
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M1
M3

0

(=R =R N - =]

X
yu
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0n
;}';n
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Mg =f

0

0

0
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M3y

m;ys;

0

0
0
0
0
0

3

O O o o ©°

I

(==~ e N N = ]

integrated by the Adams-Moulton technique.
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(186)

(187)

(188)

(189)
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VIil. LIMITATIONS ON THE ANALYSIS AND SOLUTION ACCURACY

The limitations on the use of this program are estab-
lished by the mathematical model described in this report.
Considerable flexibility within the model can be obtained
by ingenious use of its facets; the force equations and
constraint modes need not be used for their nominal
purposes. For example, the pin-puller delay can be used
in conjunction with a very large m; to obtain a fixed-point
constraint on body II. A large number of other potentiali-
ties exist.

In view of the complexity of the program and the wide
range of possible problem situations, computational ac-

curacy is difficult to define. With the generalized coordi-
nates given, the forces are obtained by straightforward
noniterative procedures, so that the only errors introduced
in computing these forces would be because of truncation.
The relatively unknown area is then the integration of the
equations of motion. As detailed in the computer program
portion of this report (Sections IX through XIII), the
equations are integrated with a routine that changes step
size in an effort to maintain a constant integration error
that is a function of the initial step size selected. It is
recommended that different step sizes be tried on a new
problem; a comparison of the results will indicate ap-
proximately the accuracy of integration.

IX. DETAILED DESCRIPTION OF THE COMPUTER PROGRAM:
INPUT LINK, INTEGRATION LINK, AND PLOTTING LINK

The program is written in the FORTRAN,/FAP system,
and is divided into three chain links (input, integration,
and plotting). The first link reads and prints the input
data; the second link integrates the differential equations;
the third link prepares output data for plotting (see Figs.
5 and 6). The detailed description of the integration tech-
nique (FMARK) is relegated to Appendix M. Rather than

LINK I,
INPUT

\

NEXT LINK 2,
CASE INTEGRATION

PLOTTING
DES;RED

YES

LINK 3,
PLOTTING

]

Fig. 5. Program main flow
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the conventional flow-chart approach, the discussion of
the links is referenced to the actual FORTRAN listing
(see Appendix N).

A. Input Link

All appropriate input data are read and printed at the
beginning of this link. Force input and initialization be-
gins after FORMAT statement 845, and is controlled by
the values of the indicators. These indicators are: ICD,
coulomb drag; IPR, pyrotechnic; ICG, cold gas; IPN,
pneumatic; IRK, rockets; ISP, hard-mounted springs;
ISU, universally jointed springs; and IPN, pin-puller con-
straint. Input for a force is bypassed if its indicator is
zero. If the indicator is non-zero, input/output is per-
formed along with the initial calculations on the forces
and conversion from drawing board CS to body-fixed CS.
All parameters needed for the force calculations are
transmitted to the integration link through COMMON
storage. No special subroutines are used in the input link.

Of special note is the sentinel ICLAG, which, at the
beginning of the link = 1. If the hard-mounted spring
constraint is used, ICLAG = —1 (statement 6552); how-
ever, if the pin-puller constraint is used, ICLAG =0
(above statement 43). Both constraints cannot be working
at the same time, but the spring constraint can be used
after the pin-puller constraint terminates.




INITIALIZATION,
5812 TO 100t

1

CALCULATION OF
DERIVATIVES
1001 TO 3000

STATEMENT 3000,
CALL FMARK (----)

PIN-PULLER TRIGGER,
1003 TO 1004

END OF STEP AND
COLD-GAS JET TRIGGER,
1004 TO 1005

PYROTECHNIC TRIGGERS,
1005 TO 1006

ROCKET TRIGGER,
1006 TO 1009

PILOT TRIGGER,
1009 TO 5050

ERROR EXIT,
5050

PRINT TRIGGER,
1002 TO 706

STATEMENT 707,
IS TPLOT=07¢

[ves

THIRD LINK,
PLOTTING

[no ]

FIRST LINK,
INPUT

Fig. 6. Flow of integration link

B. Integration Link
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1. Integration Subroutine, FMARK

The FMARK integration subroutine (statement 3000)
applies the Adams-Moulton method with automatic error
control. The computed GO TO statement, following the
call to FMARK, is an integral part of the subroutine.
The variables in the calling sequence are defined as fol-

lows:
KIK
HB
HB (1) = At
HB(2) =1
HB (3) = 0.00025
HB (4) = 0.01
HB (5) = 10-*
HB (6) = 10-¢
NH
NH(1) =24

NH (2) = NH (1)
NH (3)

NH (4)

NH (5) = 4

NH (6)

1vp

IPHI

11

fixed-point variable that must cor-
respond to the variable of the com-
puted GO TO statement

an array of dimension 6 [ie.,
HB (1), - - - ,HB(6)] that contains
parameters that monitor the Adams—
Moulton automatic error control

step size at the start of integration

used to prevent unnecessary reduc-
tion in the step size

minimum allowable step size
maximum allowable step size

relative lower bound on truncation
error

relative upper bound on truncation
error

an array of dimension 6 [i.e.,
NH(1), - - - ,NH (6)] that supplies
FMARK with needed parameters

total number of first order differen-
tial equations

not used
not used

number of backward differences
used

not used

set to zero, denoting that the inde-
pendent variable is carried in single
precision

set to 4 denoting Adams—Moulton
automatic error control mode

first value of 1, in the calling se-
quence, used to supply the location

25
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(to FMARK) of the portion of the
program where the derivatives are
calculated (FMARK sets KIK =1,
then executes the computed GO TO
statement); second value of 1 needed
to suppress option in FMARK

22 first value of 2, in the calling se-
quence, used to supply the location
(to FMARK) of the end of step area
(FMARK sets KIK = 2 to transfer
to the end of step area); second
value of 2 is used to initialize trig-
gers

(I, TRG) 8 sets of variables containing a fixed
point and a floating point number
that define a trigger (when T =
TRG, KIK set = to I; computed GO

TO statement is executed)

0 denotes end of calling sequence

When FMARK is entered (i.e., when statement 3000
is executed) it excepts the initial value for the independ-
ent variable T stored in the highest location in COM-
MON. Since T could be carried in double precision, a
dummy variable (ZERO) is adjacent to T. FMARK ex-
pects the 24 initial values of the dependent variables to
be stored in COMMON just below T and ZERO. FMARK
will transfer control to the area of the program where
the derivatives are to be calculated; it expects these
derivatives supplied in COMMON just below the values
of the independent variables. Thus, the first COMMON
of this link is

COMMON T, ZERO, V1, V2, YDOTL, YDOT2

DIMENSION V1 (18), V2 (6), YDOT]I (18), YDOT2 (6)

where YDOTI (1) is the derivative of V1 (I) and the de-
rivative area of the program computes YDOTI], YDOT2
using V1, V2. After the derivatives have been calculated
and placed in COMMON, control is returned to FMARK
by

CALL ROUT (0)

Triggers can be either on or off. Turning a trigger on
can be accomplished by

CALL TRMOD (I,1)

where I is the number of the trigger in the calling se-
quence (the first trigger is number 0). A trigger is turned

off by

CALL TRMOD (1,0

Control is returned to FMARK from a trigger by
CALL ROUT (0)

The following is a list of the triggers:

Calling
sequence
Trigger designa- Program
No. tion location Function
0 2,TRIG3 1004 Cold gas on
1 3, TRIG2 1003 Pin-puller constraint off
2 4,TRIG1 1002 Print output
3 5 TRIG4 1005 First pyrotechnic shot
4 6,TROC 1006 Rockets on and off
5 7,PYRO2 1007 Second pyrotechnic shot
6 8,PYRO3 1008 Third pyrotechnic shot
7 9, PLOT 1009 Plot output

In certain cases, control is not returned to FMARK by
calling ROUT (0). If a discontinuity has occurred in a
derivative (e.g., pyrotechnic), the program again calls
FMARK. This is done to recompute the backward differ-
ences.

The main function of the end of step area is to verify
that 6 is not near zero. If 8 is near zero, the transforma-
tion is made and the integration continues.

2. Main Program

The DO loop that ends at statement 5812 puts the
hard-mounted spring locations and directions in a more
convenient form for later computation. From statement
5812 to statement 6677, the maximum integration time
(WILI) is tested to see if the integration will be termi-
nated when the forces become zero (yes IFORCE = —1,
no IFORCE = 0). Triggers are set up and turned on from
55 to 704. The program, up to the call to subroutine
GET (1001), sets up initial conditions for the dependent
variables and the arrays of HB and NH along with mis-
cellaneous sentinels.

The area of the link beginning with statement 1001
and ending at statement 6007 calculates the derivatives
for FMARK. Just before 3000, there is logic to either
CALL ROUT (0), the normal return to FMARK from
the derivative area, or CALL FMARK( - - - ). The lat-
ter branch is taken the first time through the derivative
area and when a discontinuity has occurred in the de-
rivatives.

The function of GET (1001) (which communicates to
the link through COMMON) is to compute the transfor-
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mation matrixes A, Ay, and A, Au, coefficients m;; and
terms p; for the unconstrained equations of motion and, if
necessary, the matrix F and terms r; for the constrained
equations of motion. After GET, the link checks the force
indicators (3032 to 67) and computes the necessary forces.
The twelve force components are computed from the
particular force components in the DO loop starting at 69.
If ICLAG =0, the constrained case must be solved (414).
This is done from statements 74 up to 75. The subroutine
SOLVE finds the solution for the 15 linear equations of
the constrained case. The derivatives for the uncon-
strained case are computed from 75 to 6007.

The remainder of the link (the area below statement
3000) contains the triggers and the end of step area.
Control is transferred to 1003 when the pin-puller con-
straint terminates. In some cases, the spring constraint
will be used after the pin-puller constraint. Thus, a test
is made for the spring constraint (N =2 yes). ICLAG is
set to the proper value and a printout is made.

Statement 1004 serves as the cold-gas jet trigger and
the end of step area. The array TCO contains the time
cold-gas jets are turned on—in ascending order. The fixed-
point variable (ICOLD) denotes the next jet to be turned
on; thus ICOLD = 1,ICG. If the trigger has just been
activated [i.e., T = TC (ICOLD)], control is transferred
to 8010. Statement 8007 is executed after the last jet has
been turned on, otherwise 8006 is executed. In either
case, LDER = 1 for a restart. If LDER < 0(200), a force
has just ceased and a restart has to be made. If
ISS (1) + ISS (2) = O (6519), the spring constraint is act-
ing and a spring must be switched. The area of the pro-
gram from statement 6522 up to 1005 checks the size
of 6, and 8,;. If either value of § is close to zero, a rota-
tion of the body axes is made. Exit to FMARK is made
when statement 426 transfers to 403.

The first pyrotechnic trigger starts at 1005, the second
at 1007, and the third at 1008. The logic assumes that the
triggers are fixed in chronological order. The firing of
the triggers is completed in At sec (Runge-Kutta integra-
tion is used over this interval). The rocket trigger is placed
at statement 1006, and the plot trigger is at 1009. For the
plot trigger, all possible variables are ouput on tape Bl;
they will be read in for plotting in the next link. State-
ment 5050 is executed if an error occurs in FMARK. A
typical error would be an activated trigger that has an
execution time less that of the current value of the inde-
pendent variable.

The output trigger is placed at 1002. The subroutine
STEP enters FMARK and finds the current step size.

Body axis rates are computed and placed in the array
CB (301). Other variables computed are speed (V), rate
about instantaneous axis (W1), and magnitude of body
axis rate vector (WP1). Separation distance and velocity
are computed below 350. If a constraint is working, the
constraint values FQQ1, FQQ2, and FQQ3 are printed
(6663). The constraint values correspond to d;,, d;,, and
d;. for the pin-puller and g,, g., €..€p — €u: €3, for the
spring constraint. If IHY £ 0, the transformation matrixes
(A;, App) are output (6670). The logic from 8001 to 6501
controls the termination of the program. If IFORCE = 0,
the job terminates only when the independent variable, T,
is greater than WILI or when all forces cease. A force
must be on (SUN =£0) before termination for null force
(SUN =0). If TPLOT =0 (706), plotting is not done,
and control returns to the input link. Statement 5000
prints input errors. Control goes to 5002 if a 3 X 3 matrix
used to find the rotational acceleration is singular.

3. Other Subroutines

a. Constraint subroutine. The subroutine GET calcu-
lates those parameters needed to find the acceleration
components, the rotational matrixes (Ay, Ar, Ay, Ar) and,
if necessary, the 15 X 15 constraint matrix F.

Initially, the subroutine sets IM = 0 to denote calcu-
lations for body I; IM = 1 denotes calculations for body II.
After computations for body 1 trigonometric functions
(after 5004), A and AD are computed—note that IM2 =
IM + 1 stores the A;, A; and A, Ay in different areas.
A test is made just before 48, and m;; and p; for either
body I or II are computed. The control then goes to state-
ment 41. Between 101 and 3, matrixes needed for the con-
strained case (ICLAG =0) are computed (see Table 1).
At 104, IM is tested to see if body II computations have
been made. If the computations have been made, control
goes to 43 to test whether the constrained or uncon-
strained case is running. Calculations needed for both
pin-puller and spring constraints are made after statement
106, then a test is made to determine which constraint
is acting. The subroutine from 111 up to 110 calculates
elements of the F matrix and r,, r., and r,—stored in
CA (1), CA (2), CA (3) —for the pin-puller. All code be-
low 110 calculates the same values for the spring con-
straint.

b. Force subroutines. Almost all the routines use the
variable LDER, which controls integration restart. At
each entry, a test is made in these routines to see if a force
terminates. If a force does terminate, a discontinuity can
occur in the force function, and an integration restart

27
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Table 1. ldentification of matrixes

Matrix Statement
A AQY
A A(1,1,2)
A AD (1,1,1)
Au AD (1,1,2)
°A,
5 k= 4,56 WAP (1,1, K-3)
q
0A; _
- k= 10,1112 WAP (1,1, K-6}
qx
j_,% k=456 WAPP (1,1, K-3)
%% k = 10,1112 WAPP (1,1, K-6)
' WRP1 (1,1)
fim' WRPI1 {1,2)
- WRP2 (1,1)
f||m/ WRP2 (1,2)
o1 WRH (1,1}
Pm WRH (1,2)
T TEE (1,1}
T ™1,

must be made. In this case, LDER is set to —1; restart
is made when the end of step area is entered.

The input and output calling sequence for the force

subroutines is presented for a clearer understanding of
the program.

Coulomb drag, input

D (1) magnitude of i drag force
(Ds)

DF (1) separation distance beyond
which i drag force ceases
(diy)

XC1(I), YC1(I),ZC1(I) location of i"" drag force on
body I in body I CS (xf;),
(y1:), (21:)

XC2(I), YC2(1),ZC2 (1) location of i'* drag force on
body II in body II CS (x;),
(yfu'), (Z{li)

ICD number of drag forces

Coulomb drag, output

DD(J) component of (J; due to coulomb drag forces
(<)
LDER = 0, no restart

< 0, restart to be made after end of step
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ICD1 number of drag forces that have been turned

off

Pyrotechnics, input

PI(I)

TP (1)

XP2 (1), YP2 (1), ZP2 (I)

UPX (I), UPY (1), UPZ ()

IPR

Pyrotechnics, output

total impulse of i** pyro-
technic device (I;)

firing time of i device (t;)
location of it* device on
body II in body II CS (x11:),
(y;n), (Z;Ii)

direction cosine vector of
the it" device in body II

CS (Pli)’ (P.ui): ( zi)

number of devices

EP(J) component of @; due to pyrotechnics (&;)

Cold-gas jets, input
FGI1 (1), FG2(I)

FG3

UGX (1), UGY (I), UGZ (I)

VGX (1), VGY (I), VGZ (1)

XG1 (1), YG1 (1), ZG1 (1)

XG2 (1), YG2 (1), ZG2 (1)

GST

TCG (1)

TCO (I)

ICG

characteristic force con-
stants of jet i (fi.), (fiz)

gas-system characteristic

(f.)

cosines of angles between
thrust vector for jet i and
body I axis (Xiz), (Aiy), (Aiz)

cosines of angles between
thrust vector for jet i and

body IT axis (pis), (pis), (piz)

location of i*" jet on body 1

in body I CS (x1:), (yl:), (z1:)

location of i*" jet on body 1I
in body II CS («fy;), (Yi1i)s
(Z;Ii)

value of jet force below
which J; may be considered
zero (J.¢)

time which i jet cuts off

(tir)

time which i jet begins

(tie)

number of jets



Cold-gas jets, output

GJ(J) component of Q; due to cold-gas forces (9;)
LDER =0, no restart

<0, restart to be made after end of step
ICGI  number of jets that have been turned off

Pneumatic forces, input

JN regulator existence index:
if 0, there is no regulator;
if 1, there is a regulator that
remains closed after p,
= p,; if 2, there is a regu-
lator that remains open
after py, = p, (J)

PBO initial bottle pressure (pgo)

VBN volume of gas bottle, in-
cluding all lines upstream
of the faces of the closed
pistons (V)

GAMN ratio of specific heats for
working fluid (y)

AN (I) area of i** piston face (A;)

RAX(I) distance at which i** piston
separates (fmax, i)

VNX(I), VNY (I), VNZ (I) cosines of angles between
piston rod i and the «f;, y1,
zir axes (piz), (piy); (piz)

XNI(I),YN1(I),ZN1(I) location of i** piston on
body I in body I CS (xf;),
(y1:), (21:)

XN2(I), YN2(I),ZN2(I) location of i** piston on
body II in body II CS (x/1:),
(ymi), (21n:)

PPN (I) (Pyi) A

EQP (I) jeqp,i

PNEM (I) (ieqp, i) A;

IPN number of pneumatic forces

Pneumatic forces, output
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XN(J) component of ©@; due to pneumatic forces

(03)

LDER =0, no restart

<0, restart to be made after end of step

IPN1
off

Rockets, input
IRK
RR(I)

RUM
PUM

URX (I), URY (I), URZ (1)

VRX (I), VRY (I), VRZ (I)

FM10, FM20

XR1(I), YRI (I), ZR1 (1)

XR2 (I), YR2 (I), ZR2 (1)

SUN1
SUN2
SUN3

SAN1

number of pneumatics that have been turned

number of rockets

magnitude of thrust devel-
oped by i** rocket (R;)

time at which i** rocket
starts firing (¢;.)

time at which i rocket
ceases firing (t;/)

the sum S, my;
the sum S 1y

cosines of angles between
thrust vector for rocket i
and the x1, y1, 21 axes (Ais),
(Mig)s (Niz)

cosines of angles between
thrust vector for rocket i
and the =xn, yi, zii axes

(Piz), (Piy): (PiZ)

initial values of mass

location of i** rocket on
body I in body I CS (xf;),
(yti), (21:)

location of i** rocket on
body II in body II CS (xf1;),
(y{n), (an')

the sum 3, i,m
the sum = i,,,,u
the sum 3, im;

the sum = ium
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SAN2
SAN3
XX10,YY10,Z2Z710

XX20, YY20,ZZ20

Rockets, output

XX1,YY1, 771

the sum 3, 1,11
the sum = izzm

initial values of moments of
inertia, body 1

initial values of moments of
inertia, body II

computed values of moments of in-

ertia, body 1

XX2,YY2, 772

computed values of moments of in-

ertia, body II

FM1, FM2

R(J)
(4R;)

computed values of mass (m;), (my)

component of @; due to rocket forces

Triggers, rather than the variable LDER, are used to
initiate restarts for the rocket forces.

Hard-mounted springs, input

WRPI (1,1), WRPI (2,]),
WRP1 (3])

WRP2 (1,1), WRP2 (2,]),
WRP2 (3,1)

WRH (1,1), WRH (2,1,
WRH (3,I)

SO (1), SK (1), SIOQ

ISP

N

location of i** spring on body
I in body I CS(xfi), (i),
(Zfi)
location of i'" spring on body
IT in body II CS (xi1;), (yi1:),
(z11i)

direction cosines between
spring i and body II axes

(Pi-r)’ (Pi//)’ (Pi:)

initial force, spring constant,
and residual force for i*
spring (corrected for spring
efﬁciency—q*’ Sm, 7]2 k,', 7)2 S,»,)

number of springs

restriction index

Hard-mounted springs, output

ICLAG
S(J)

set to 1 when constraint gocs off

component of (J; due to body II hard-

mounted springs (cf;)
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LDER

ISP1

1SS (1), ISS (2)

=0, no restart
<0, restart to be made after end of step
number of springs that have come off

values controlling interchange of
springs in constraint condition, in the
case that the springs being used for
constraint are not the last two to cease
acting; if ISS(1)=1ISS(2) =0, no
transfer required—if ISS (1) or ISS (2)
is non-zero, transfer made by subrou-
tine SWITCH

Universally-jointed springs, input

ISU

WO (I), UK (I), WF (I)

XU1(I), YU1(I), ZU1 (I)

XU2 (1), YU2 (1), ZU2 (I)

number of springs

initial force, spring constant,
and final force of spring i
(corrected for spring effi-
ciency—n* Wi, % ki, n° W)

spring location on body I in
body I CS (1), (y1:), (1)

spring location on body II in
bOdY I CS (xlui), (yfu), (Z;Ii)

Universally-jointed springs, output

w()

component of @; due to universally-jointed

springs (0;)

LDER

=0, no restart

<0, restart to be made after end of step

ISU1

number of springs that have come off

c. Matrix algebra subroutines. To aid in these calcu-

MULTI (A,B,C,M1,M2,M3)

MULT2 (A,B,C,M1,M2,M3)

MULTS (A,B,C,M1,M2,M3)

lations, the following subroutines are used:

calculates ATB = C
where A is M1 XM2,
B is M2 X M3

calculates AB™ = C
where A is M1 X M2,
B is M2 X M3

calculates AB = C
where A is M1 X M2,
B is M2 X M3




MCR (A,B,C))) forms the dot product of
the 3 X 1 vector B with
the j** row of the 3 X 3
matrix A and stores the

result in C

MCS (A,B,C.]) forms the dot product of
the 3 X 1 vector B with
the j®* column of the

3 X 3 matrix B and

stores the result in C

forms A + B = C with
dimension M1 X M2

forms A — B = C with
dimension M1 X M2

MADD (A,B,C,M1,M2)

MSUB (A,B,C,M1,M2)

MSCAL (A,B,C) forms AB = C where A

is1X1,Bis3X1

MCROS (A,B,C)

C. Plotting Link
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forms A X B = C where
A,B,C are dimensioned
3 X 1 (15 X 15 linear set
for the constraint is

solved by subroutine
SOLVE?)

All of the values that can be plotted are written on
tape Bl. At the beginning of the plotting link, plot indi-
cators are written into the array LOT. If variable I is
to be plotted, LOT (I) is nonzero.

*Moler, C. B., Numerical Matrix Inversion With Iterative Improve-
ment, Technical Report No. 32-394, Jet Propulsion Laboratory,
Pasadena, California, April 15, 1963.

X. INPUT DESCRIPTION AND FORMAT

The input format is given in the form of a series of
tables, some of which may be omitted, depending on
whether or not the corresponding type of force is to act.
A complete list of input symbols and dimensions is col-
lected here for reference.

A. Input List With Dimensions

1. General Inertial and Geometrical Characteristics

Lo, Loyt, - -, L..;r elements of inertia matrixes in the
drawing board CS: lbm—in.?

i, transformation matrix indicator:
:1, AI, Au printed; :0, AI, AII not
printed

my, my; masses: lbm

At initial integration interval: sec

ter printout interval: sec

to time at which program begins: sec

coordinates in the drawing board
CS of the CM of bodies I and II: in.

oL ’”
£1z, » €11z

44 44 ’r

oy, vy, o} rates about drawing board axes just

before separation: deg/sec

D1y’ 0

2. Forces

icp

ipy

Lelel

iPN

IR

tsp

spinup roll of body I relative to
body II: deg/sec

coulomb drag force indicator, num-
ber of drag forces present: up to 8

pyrotechnic force indicator, number
of pyrotechnic devices present: up
to 3

cold-gas jet indicator, number of
cold-gas jets: up to 8

pneumatics indicator, number of
pneumatic pistons: up to 8

rockets indicator, number of rock-
ets: up to 8

spring indicator, number of hard-
mounted springs: up to 8

universally-jointed spring indicator,
number of springs: up to 8

constraint index: if =0, no con-
straint; if =1, pin-puller constraint
is present
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a. Coulomb drag
D;
dis

o yl_l P
(IR (R Rad ]
b. Pyrotechnics

I
t;

4 ’’ 44
Xi 7yi > Bi

roorr
Mizy Miy, Kix

c. Cold-gas jets
fih fi2’ f3

Isr

til

tis
ATy

X3 )yi s R

Pizs Miys iz
’ ’ ’
Pizy Miy, Biz
d. Pneumatics

A;
I

.
lmax. i

Poo

32

magnitude of i*" drag force: Ibf

separation distance beyond which
i*" drag force ceases: in.

drawing board locations of i*" drag
force: in.

total impulse of i** device: Ibf-sec

firing time of i device: sec (pro-
gram requires that ¢, =¢, =t,)

pyrotechnic locations: in.

cosines of the acute angles between
the drawing board axes and the i**
device, except that uf, is negative

constants for jet i depending on
initial conditions, nozzle geometry,
and properties of working fluid:
Ibf, 1/sec, 1

value of jet force below which J;
may be considered zero: Ibf

time at which i jet turns on: sec
time at which i'" jet cuts off: sec
cold-gas jet locations: in.

cosines of angles between thrust
vector for jet i and body I axes

cosines of angles between thrust
vector for jet i and body II axes

area of i'" piston face: in.?

regulator existence index: if 0, there
is no regulator; if 1, there is a regu-
lator that remains closed after
py = p,; if 2, there is a regulator
that remains open after p, = p,

distance at which i piston sepa-
rates: in.

initial pressure in gas bottle: 1bf
(absolute)/in.?

Pri
V

2’ 44 ’’
Xi,Yi,%;
Y

Mizy Piy, iz

e. Rockets

.

I.r.'cli, T ,I::'I[i

ﬁllia 7;"]!3
R;

Lie

ti/

x!il’ y;l, zljl

Mirs Biy, iz
4 ’ ’
Mirs Miys Piz

pressure beyond regulator (if any)
for i** piston: 1bf (absolute)/in.?

volume of gas bottle, including all
lines upstream of the faces of the
closed pistons: in.?

pneumatics locations: in.

ratio of specific heats for working

fluid

cosines of angles between piston
rod i and the xi;, yir, 21 axes

rate of decrease of principal mo-
ments of inertia due to rocket i:
Ibm in.2/sec

mass decrease rate due to it” rocket:
Ibm/sec

magnitude of thrust developed by
it* rocket: Ibf

time at which i** rocket starts fir-
ing: sec

time at which i'" rocket ceases fir-
ing: sec

rocket locations: in.

cosines of angles between thrust
vector for rocket i and the drawing
board axes (u if on body I, p” if on
body II; if on body I, all x} =0, if
on body IL, all u; =0)

f. Hard-mounted springs

ki
N

Sin

2’ a4 '
Xi,Yi, %
Ui

{ ’ ’
Rirs Peiys Piz

it" spring constant: Ibf/in.

restriction index (if N = 0, there is
no constraint; if N > 1, the con-
straint is operating)

initial force in i spring: Ibf
spring location: in.
spring efficiency factor

cosines of angles between spring i
and body II axes

g. Universally-jointed springs

ki

spring rate of i'" spring: lbf/in.



Wio initial force in i** spring: Ibf

(4 ’4 "
1i> Y1is 21i

location of end of spring ¢ in body I:
in,

location of end of spring i in body

’ ” ”
106, Y1, i

II: in.

i spring efliciency factor

h. Constraints

to time of firing of delayed pin-puller:
sec

x', Yo, zp’ location of delayed pin-puller: in.

i. Plots

TPLOT time increment for plotting: sec

LOT; plot indicators: a nonzero value
calls for plot i

NCAMERA camera 1 requires photographic

processing; camera 2 is a fast-copy
device

B. Input Format

Input data takes the form of a data card deck. To
simplify input procedure, only three types of card format
are used (with the exception of the first two cards).

For format type 1, the FORTRAN code is 6112. These
cards will contain up to six numbers per card, and each
number is allotted 12 columns. The numbers must be
integers (without a decimal point) and right adjusted.

For format type 2, the FORTRAN code is 6E1238.
These cards also will contain up to six numbers per card,
with each number allotted 12 columns. These numbers
are not integers (must have a decimal point), need not
be right adjusted, and may have an exponent.

For format type 3, the FORTRAN code is 14I5. These
cards are similar to those of format type 1, except that
each number is allotted only 5 columns.

The input arrays for each group of input data are given
in Tables 2 through 12. Each group is to be ordered as
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given in its corresponding table, and the groups are to
be stacked according to the order of the tables. Table 2
gives the mass, geometry, and indicator input, and
Tables 3 through 9 give the force inputs. If a particular
force is not to act( i.e, its indicator number is zero) its
table and corresponding cards are to be omitted. Table 10
gives the pin-puller constraint input. Table 11 gives the
plotting directions and completes the input, and Table 12
defines the plot indicators.

Table 2. Mass, geometry, indicators

Format Input
type P
(2X, A70) Comment (up to 70 characters)
(E12.6,
2112) teur [ Case No.| 4,
2 Iz.rI Ia.-y! Iz‘zl Iyy[ L/:I Iz:I
2 | P Lynt | ) |
2 mx mn At trr to
2 £441 €41 €01 €211 Eyrr £,m11
2 @ Wy Wz ®1y'0
1 icop iry ice ipN iRk isp
1 isu Y
Table 3. Coulomb drag
Format Input®
type Py
2 dx! D; xl” yx” 2"
2 dz 7 D, x2" Y2 ” Z2"
9 d” Dk " ykn 2"
*k = icp
Table 4. Pyrotechnics
Format
type Input*
2 L t
2 Il-u, /l-l_u, Fdz, x" y;" z"
2 I te
2 Mn’ Frky, .ukz' xe” yk” z"
2k = ipy
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Table 5. Cold-gas jets

Table 6. Pneumatics

Format Format
Input” (body 1) "
type p y type Input
1 1 k 1 ]
2 fn fu tn ti2 2 Poo Vs Y
2 M1z May Bz " yl" 2" 2 A, fmax. 1 Pm
2 fa f tn too 2 v sy’ e’ x” " 2"
2 Max My Moz x2" y'.-" 2" 2 A, jllxux. 2 Pp:
2 o’ 2y’ e " y." z"
2 fu sz 1% tex *
2 Mir iy Hkz X" yk” " 2 Ax jmux, k Pok
{body II) 2 e sry pie x” Y "
1 | 2 l i
2 faerm fo v Ekenyn | Taen.2
2 Baene | Mesny | Heene | Xeed” Yir” Ziea”
Table 8. Hard-mounted springs on body Il
2 fasm , fosin / t(k+n,1’ sy, 2 Format Input*
2 Basne | masns'| pesns | xead” Yrst” Zeat” type
ak = number of jets on body I; I = number of jets on body II 2 7
1 N
2 qu' ,qu' ,ll.u’ X" yx” z,"
2 Sw kl Sl!
2 ll-:..-’ ,u‘zg/’ 2z x" yz" z"
2 521) k2 Sz!
Table 7. Rockets . ’ , " " "
2 i v Hiy iz Xi Y. Zi
2 Siu ki S-I
Format Input® a: — 2
type npu i = isp
2 MHir My Hiz ,u-l.r, qul /lel
2 Moy M2y M2z M2 :" #2:/ ll-zz'
Table 9. Universally-jointed springs
2 [ Ky Mz b’ by pes Format Input*
2 tio tyy type
2 tae tz[ 1 n
2 " yn" 2z’ Zin” Yyin” Zin”
2 W)u kl Wl!
2 |t | ow | . :
2 L-rh !yvn !uh !,r.rlll !yulll Iulu
2 Lo ) Lo Lo | IR T 2 X1 yu:” Zii X" yni” Zni”
2 W:o k. WI!
2§ = {8U
2 Lornx Ly Leets Lo | N Lok
2 7;1“ 7;1111 R, x,” y|" 2"
2 Mar an R. x." " 2"
Table 10. Pin-puller constraint
Format
3 : ” ” , Input
2 Myt M R« Xx Y« F % type P
2k = frx 2 tu I xp” | Yo" | z" I
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Table 11. Plot
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Format type Input®
9 TPLOT
3 LOT, LOT,, - - - ,LOTy

aEnter TPLOT = 0. if no plots are desired

Table 12. Plots—indicators and arguments

Plot No. i

Type of plot*

14

X1, Y1, 21 Vs &
X1, Y11, 2 VS
X1, Y1, Z1 VS ¢
X.Tu, !}n, in vst
X1, 41, Zivs t
X1, ijn, Zuvst
81, b1, Y1 VS T
611, p1r, Y VS ¢
él, (1‘51, l,LI vst
én, <;:m, \Ln vst
'0.1, (2;1, \ZI vst
yn, é;u, l‘l;ll vst
81 vs 81

é)x VS ¢1

J/l VS Y1

éu VS 611

<2>11 VS ¢

\Zn VS Y1

zero, plot type i will be included in the

uEach type of plot is identified by an indicator LOT,. If LOT, is not

output.

XI. OUTPUT DESCRIPTION AND FORMAT

Program output consists of the generalized coordinates,
velocities and useful auxiliary quantities. A listing of all
output quantities and dimensions is given below.

A. Output List with Dimensions

d, separation distance
= [(xI —xp)?+ (yx - yu)2 + (ZI— ZH)Q]%: in.

i time:sec

U, separation velocity
= [(7.51 - in)z + (!}I - !'111)2 + (éx - 511)2]1"’:
in./sec

v speed of CM: in./sec

01; ¢I> 'IJI
él) él; 'LI

Op” I, Wy 1, W21
w1

WPYI

Eulerian angles: deg

rates of change of Eulerian angles:
deg/sec

rotation rates about drawing board axes:

deg/sec

rotation rate about instantaneous axis:

deg/sec

magnitude of vector sum of pitch and
yaw rates: deg/sec

All of the output listed for body I also applies for body II.

B. Output Format

X1, Y1, 21 inertial coordinates: in.

X1, Y1, Zx inertial components of velocity of CM:

in./sec

All quantities in the output are self-explanatory; the

format is illustrated in the sample problem of Sec-
tion XIIIL.
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Xll. ERROR DIAGNOSIS AND CHECKOUT

Because of the flexibility of the program, there are few error diagnoses that can
be made internally. Should an error occur within the integration routine FMARK,
the statement “ERROR OCCURS IN FMARK” is printed. Should the (12 X 12) or
(15 X 15) matrix currently being inverted to solve for the generalized accelerations
become singular, an appropriate statement is printed.

Xlll. SAMPLE PROBLEM

The purpose of the sample problem is to illustrate the
operational use of the computer program. For this rea-
son, the system has been presented in idealized form.

A. Problem Statement
A capsule is to be separated from a spacecraft by means
of four springs hard mounted on the spacecraft. The
spring tips are constrained not to slip on their bearing
surfaces. After separation, the capsule is spun up by
means of 3 cold-gas jets. Subsequent to spinup, a retro-
rocket is fired. The properties of the bodies and the force
mechanisms are as follows (see Fig. 7):
Spacecraft, body 11
m = 1000 Ibm
I, = 200 slug-ft*
I,, = 205 slug-ft*
I, = 100 slug-ft*
L,=L.=1,.=0

Capsule, body I

m = 1800 Ibm
I, = 1, = 250 slug-ft*
I.. = 100 slug-ft*

IJ‘U = Il‘i‘,’ = II/: = 0

Rocket motor

i

Thrust = 100 Ibf (constant)
Starting time = separation + 10 sec

Duration = 5 sec

36

Springs
k, =k, = k; = 100 1bf/in.
k, = 80 Ibf/in.
Initial compression = 4 in.

Final force = 0

The springs are parallel to the z” axis; they have 100%
efficiency. Initial angular velocities are zero.

Gas jets

Each nozzle has its own reservoir and is well insu-
lated. From Egs. (82) through (84), the properties of the
nozzles and the working fluid yield the force law

50

Ji= oy

(i+t)*1:,’ 5 1=1,2,3

The jets are to fire at separation +2 sec and continue
for 5 sec.

B. Choice of the Drawing Board CS

Since the hard mounted spring constraint is present,
the z” axis must be chosen perpendicular to the sepa-
ration plane (see Fig. 8).

C. Output

The computer printout for the sample problem is pre-
sented in Appendix N, pp. N-79-N-84. Because of the
length of the complete printout, only a few typical out-
put data sets are shown.
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BODY I

B - -
SEPARATION N _/I | \ A, IS‘IN. { 7 ?
10 IN.
SPRING | — $
T \—sPRING 4 ? SPRING 4—" |
SEC 8B
JET 3

\—— SPRING 3

SPRING | (REF)

SPRING |
JET |

[JETS IN BB PLANE]

Fig. 7. Problem geometry

SPRING | (REF)

Fig. 8. Selection of drawing board C$

‘¥BODY i
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APPENDIX A

Eulerian Angles and Vector Component Transformations

To use the Lagrange equations it is necessary to define
three independent parameters that specify the orienta-
tion of each body. A common choice for these parameters
is the set of Eulerian angles. There is not complete uni-
formity in the definitions of the Eulerian angles; the
definitions used in this report are those of Goldstein.'

A. Symbols

A,B,CD rotation matrixes used in describing
Eulerian angle generation

A, B, C1, D! inverse of the A, B, C, D matrixes

a;; elements of the A; matrix (i’ row,
i** column)

b;; elements of the A;; matrix (i row,
** column)

Cij elements of the A, or A;; matrix (i*"
row, ' column)

r, location vector of the point whose
index is i

Vo a vector in the xyz CS

Uz, Uy, Uy components of the v, in the xyz CS

Vo a vector in the x’y’z’ CS

Ve, Uy, Uy components of v, in the x'y’z’ CS

Ve a vector in the ¢7¢ CS

Vg, Uy, U; components of v in the £é9¢ CS

Va a vector in the ¢7¢’ CS

Vg, Uy, Uy components of ve- in the £¢'5¢’ CS

XY,z the inertial CS

x,y,z the body-fixed CS

&9, ¢ an intermediate CS used in the defi-
nition of the Eulerian angles

g0 another intermediate CS used in the

definition of the Eulerian angles

B. Generation of Eulerian Angles

First, the x,y, = system (in which a vector is denoted
va with components v,, v,,v;) is rotated by an angle ¢,

'Goldstein, H., Classical Mechanics, Addison-Wesley Publishing
Company, Inc., Reading, Massachusetts, 1959, pp. 107-109.
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counterclockwise, about the z axis (Fig. A-la). The re-
sultant CS is the £;¢ system; a vector in these coordinates
is denoted v, with components vg, vy, U;.

Second, the intermediate axes, £én{, are rotated about
the ¢ axis, counterclockwise, by the angle ¢ to produce the
¢n’¢" axes (see Fig. A-1b). A vector in this CS, denoted
Ve, has components vg., vy, v... The £ axis also is known
as the line of nodes.

2,0

(a)

LINE OF
NODES

Fig. A-1. Generation of
Eulerian angles
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Third, the £7’{’ axes are rotated counterclockwise by  fixed system, and the xyz system is the space-fixed (or
an angle y about the ¢’ axis to produce the x'y’z’ system inertial) CS. A vector in the x’y’z’ system is denoted v,
of axes (see Fig. A-lc). The x'y’z’ system is the body-  with components v,.,v,., v,-.

C. Vector Component Transformations

The elements of the complete rotation matrix A can be obtained by writing the matrix as the product of the
separate rotation matrixes.

Thus

" cp s¢p O
ve = Dv,  where D=|—s¢ cp O (A-1)

0 0 1

! 0 0
Ve = Cvq where C=|0 cf sf (A-2)

| 0 —sf cf

cy sy O
Vor = Bva where B=| —sy cy 0 (A-3)

0 0 1
ve = BCDv, = Av, where A =BCD (A-4)

cp ey — ¢l s¢ sy s¢ cy + ¢ co sy s6 sy
A=} —copsy —clspcy  —spsy + clepey s cy (A-5)
sl s¢ —sf co cd

For simplicity of notation, the elements of the A; and A; matrixes are denoted a;; and b;;, respectively. The
elements of a nonspecific A matrix are denoted c;;.

The inverse transformation is by, b: by
Vo= Alv, (A-6) Ap =) b bu ba (A-8)
b13 b23 b33

Since the BCD matrixes are orthogonal, their prod-

uct, A, is orthogonal, and the inverse of A is its transpose. The complete transformation for location vectors is

Gy Gy Gy
Al'=|a, G aip (A-T)
Q13 Q23 dgg rr=A(r;—r) (A-10)

ri=r+ A'r} (A-9)
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APPENDIX B
Length of Extension of a Spring Hard-Mounted on Body i

To determine the length of extension of a hard-mounted
spring on body II, it is necessary to define the bearing
plane in the body I CS, express T; in the body I CS, and
then solve for ;.

A. Symbols
Ti1;  location of the tip of spring i in body II CS
T  matrix product A;AT,

Because of the redefinition of the initial CS, the bear-
ing plane is perpendicular to the y{ axis, and rj; is in the

In the body I CS
Hi = A; (l'n - 1'1) + A, AITI I+ fi A A'xrx Pi (B'4)
T = —Arr + A A}} r + fi T p; (B-5)

where a substitution of T has been used selectively for
later simplicity.

Now the constraint condition is that r{; must have its
tip in the bearing plane. Thus

plane. The equation for the plane is y = —aj, r+aj, Alr; +;t7p; (B-6)
d
vi = vha @1
al 1 ii T pPi = +y;i +a’f2) r— a’fz) A’xrl r;Ii (B'7)
early
Tu=ru +iips The left-hand side of the above equation is simply
aT+d; (see Coulomb Drag Section, Eq. 59). Thus
In the inertial CS
= A tds (B-8)
T =rn + Al + i AT pi (B-3) = tor. p:
APPENDIX C
Conversions Between Rates About Eulerian Axes and Rates About Body Axes
Since initial angular rates will normally be reported From the definition of ()., etc., there is
as body-axis angular rates, and since body-axis rates are
often needed as the final result, conversions between wgr = (De)er T (Wg)zr + (0y)s (C-1)
Euler angle rates and body rates must be established.
. wyr = (@) T (Wp)yr + (@y), (C-2)
A. Symbols
With the exception of those listed below, the symbols v: = (@e)or F (@g)sr + (@) (C-3)
used in this appendix are the same as in Appendix A.
From geometry, it is evident that
@ angular velocity
, Eulerian § component of @ (9)z 0
(wp)y |=A10 (C-4)
(@), component along the body x” axis due to w, (@¢): ¢
W, body x’ component of w (@e) 4
y p (o), | =B| 0 (C-5)
E identity matrix (@) 0
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0
0

[ }Em

Putting Egs. (C-4), (C-5), (C-8) into Egs. (C-1), (C-2),

(ml!')r’
(“)l!/)y’
(“‘)ll/)z’

(C-6)

The inverse transformations may be found by a linear
inversion (such as the use of Cramer’s rule) of Egs. (C-7)
through (C-9). The result of this inversion is

and (C-3) gives the components of » with respect to the 8= ws cOSY — wy siny (C-10)
body axes in terms of the rates about the Eulerian axes.
wer = ¢ sin 0 sin ¢ + 6 cos g (C-7) é = gy [0z siny + oy, cos y] (C-11)
wyr = ¢ sinf cosy — fsiny (C-8)
. cos § inv + C.12
wyr = (i)coso + ',[/ (C_g) ¢ — @ sin 6 [“0@' SIH'ib wy’ COS ‘/’] ( - )
APPENDIX D

Determination of Generalized Forces

The generalized forces are defined by means of a virtual work principle: the virtual work done by a force, f, acting
through a virtual displacement, 8r, is equal to the virtual work done by the generalized forces, O, acting through
the corresponding virtual generalized displacements, 8q;. That is

f* (8r) = 2 Ox 8gx (D-1)
k
Consider some point i on body I and let this be the point of action for a force f;. In inertial coordinates
r; =+ ATr;
and
81',- = 81'[ + 8 [A'IP l';i} (D-2)
B QAT AT 2AT
Sl'i —_ Srl '+' [601 891 + a¢1 8¢1 + allll ss{/l l';i (D‘3)
0AT 0AT 0AT
or; = &r; + [?0,_1 A; 860, + 'B(TIIAI 81 + a_‘p: A 3*i'r:| Iy (D"_l)
where ry; is r{; expressed in the inertial CS.
Applying the virtual work principle
0AT 0AT OAT
%Qk 8qx = H{[W,’"A‘ 86, + E;AI Sr + a—%‘- A 8¢1] r; + sn} (D-5)
Since the 8q; are independent, the generalized forces are
@ﬂ = fiz, @yl = fi]/, Qzl = )(iz (D'G)
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2AT

Qo1 = f] 0, Ay (D-7)
CcAT

Qp1 = £} CBTi Arry (D-8)
CAT

Oy = £] 3\;;‘ Ayry (D-9)

Equation (D-6) establishes the desired result for the linear coordinates. The remainder of this Appendix establishes
the results for the angular coordinates.

It will now be shown that the matrix product AT A is skew symmetric. Since A, is orthogonal

ahT a0 = §,; (D-10)
Let H = ATA,, with elements h;;
Then
h;; = athTaw (D-11)
h;; +h;; = a©Tah) 4 ad7* a®
h;; + h;; =a®Ta) 4 3T a0) = i[amTam] = i [8:;1=0
! dt de "
and

hij = '—hj,‘ (D-12)

It may be easily verified that the product of a skew-symmetric matrix and a column matrix is equivalent to the
vector cross product of two corresponding vectors

w Xr=DLr

0 Ty w: g
L= [ w3y 0 ’—u)l} s wW = ['—U:} (D-13)
o wy 0 wy

Now consider two coordinate systems, =, (x,, %, %;) and Y. (y,,y2, y4). D is the transformation matrix from =, to
%,. Then, for a vector r

where

r,= Dr. (D-14)

#1=Di.+Dr,=D[i, + D'Dr.) (D-15)

where the subscript on r indicates the coordinate system in which it is expressed. By analogy to elementary kine-
matics, we have

D’rl')r2 = X7,

©= [} (D-16)
Wy

is the angular velocity of X, relative to I, expressed in ..

where
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Since A; is the transformation from the inertial CS to the body I-fixed CS, it is clear, from the above discussion,

that
o0 e o
AT A = o 0 —a
|~ oy g 0
where
o
® = o, (D-17)
[ o
is the angular velocity of the inertial CS relative to the body I CS, expressed in the inertial CS.
Then
. 0 0 oy
A’Ir AI = — oy 0 Wz (D-18)
| oy —w, O
By the total derivative rule
. 0AT. 0AT . QAT .
T — I I I _
AT A, [800+8¢¢+ » ¢]AI (D-19)
Let
0AT 0AT 0AT
Bo=[boi;] = — Ay, By = [by;;] = a—(;Ax, By =[byi;] = aTI A,
By considering equality for the (2,3) elements in (D-19), we obtain
wy = beza é + b¢234” + bv,bzsl/.’ (D'20)
but from vector addition
wp = (—€es) 0 + (—eps) § + (—eysa) ¥ (D-21)
where
€or —e¢z el,l/:c—
€ = | €y |, €p = | €9y |, €y = | €yy
€oz €¢z el}lz_

are the unit vectors along the positive rotation axes for 8, ¢,y when the inertial CS is considered fixed.
Now, since 6, ¢, and § are independent, Eqs. (D-20) and (D-21) yield
bors = —e4s b¢23 = —€¢z bt}/za = —é€ys (D-22)

By writing equations similar to (D-20) and (D-21) for , and «., it can be shown that

0 ez €y 0 —€¢; €oy B 0 €y Eyy
Be = €or 0 —€oz |, B.p = €pz 0 —€¢z |, Bq; = €y 0 €y (D-23)
T €oy €or 0| gy €ps 0 —Eyy €y 0

Equation (D-23) into (D-7) gives
Qor= 1] Bory; (D-24)
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Application of Egs. (D-13) through (D-24) gives

Qol = fi ¢ (eo X l'li)

QOI = _‘fi '(l‘n X eo) = - (rli X ee)'fi

Qo1 = (rii X f:) e
Qe = (torque vector) * e,

©e1 = component of torque along e,

Similarly
©¢: = component of torque along e,

©y1 = component of torque along ey

(D-25)

(D-26)

(D-27)

It is valid to sum over i in Eqs. (D-25) and (D-6) to obtain the generalized forces for many fi. This analysis also

applies to body II.

APPENDIX E

Velocity of Separation Between a Point on Body | and a Point on Body Il

The velocity of separation between initially coincident points on body I and body II is required in order to com-

pute the directions of coulomb drag forces. By definition
- d(d)

ViT T
vi=t+ ATr; — A iy,

The time derivatives of the elements of the A matrixes are

on = (—chsgsy + cp o)

b1 = (s85$SY) 0 — Cro + Car ¥
¢1» = (clcpsy + spcy)

o= —(sOchsY) b + 61 + Con i
¢z = (sfcy)

Crs = (cf s.,lz)é + € ¥

€ = (—cOspcy — cpsy)

Cay = (sOs¢ c./;)é —Corp — cuy
Ca: = (cO cp ey — s¢ sy)

Con = —(s6 c¢c¢)é +eng— Cizy
C3 = (sfcy)
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(E-1)

(E-2)

(E-3)
(E-4)
(E-5)
(E-6)
(E-T)
(E-8)
(E-9)
(E-10)
(E-11)
(E-12)
(E-13)



éza = (00 Cl//) é - Clle

Ca1 = (s0s¢)
631 = (00 S¢) é - 032(;
C3a =— — (80 C¢)

632 = _(Co Cd))é + Calé
C3; = cf

oz = —(s6)

APPENDIX F
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(E-14)
(E-15)
(E-16)
(E-17)
(E-18)
(E-19)
(E-20)

Derivation of Force vs Time Relation for an Adiabatic Compressed Gas Jet

The classical ideal gas relations are utilized to determine the force-time relation for the cold gas-jet model (Fig. F-1).

A. Symbols

A
a

Cl) C2, C3

- -

<

p

T

0 (subscript)

area

speed of sound

constants depending on working fluid properties and /or nozzle geometry

thrust

mach number

mass of gas in tank

mass flow rate

static pressure

external static pressure

gas constant

absolute temperature

velocity

volume upstream of throat

nozzle divergence half-angle

ratio of specific heats for working fluid

nozzle divergence correction factor, % (1 + cosa)

density

time

initial condition
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Compressed gas jet

Fig. F-1.
B. Derivation
F=—.m+ (p.— ')A, (F-1)
Assuming a perfect gas and an adiabatic, isentropic process
m= po Uy Ag (F'2)
a = (yRT)* (F-3)
— 1 -1/(y-1)
p= pi (1 + %—M2> (F-4)
_l/é
L (1 4 Y le) (F-5)
a;
p = pRT (F-6)
2 )1/7 1 _ 2 -1/(y-1) (F 7)
y+1 RT, v+1
(-
D /2(v-1) Y%
— F-9
--(:%9) (&) Pa=Cy (F9)
1%
u.= M, (1 + 1= M2) (yRT,)%=C, (T,)% (F-10)
M, is implicitly determined by
Ag (v + 1\ (r+1/2(y-11] y— 1 . ~[(y+1)/2(y-D] F-11
:4_6 - ( 9 > Me (1 + 9 Mg ( )
pe = Cap:
where
C= (1 122 Mg)'”m_m (F-12)
F= —)C,C.p: + A, C, P — Ae’p’ = ()\Cx C.+ A, Cs)p' — Ay (F'13)
- Ype F-14
= V= gr, (F-14)
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Now
y-1/y
e ()
to
S0
_ Vp: _ V(pw)oon
" RT Pt>w—lw =" rT, "7
" ( -
Ly-1) - 1
m=C, pe (Pt) v /27]Tm‘1/~' =C, (pm o 1)/7)/; P YHV/2Y
Pto T
Using Egs. (F-15) and (F-16) to eliminate p; from Eq. (F-17) gives
q
(pto (7_1)/7)% pt (y+1) /2y
= TtO m (Y+1)/2

1 +1
V(P00 iy (v+1) /2
R\ T.,

(y+1)/2 -1 /7\-(1/2)
C, (E) (p‘ ) ma+n/2

\4 Tto

~1 a+v/s2f T —(v/2) -I2/(y-D]
m= I:mo—[(y /21 _ ( )( ) (pm)'t—ol/‘/> ":I
RT,,\v-1/2 o1z R\O/2/ T,  \¥2 J-la-m
[(Vp:o> ( 2 )(V) <m07"”7> T]

= (7)™
Vpio
Therefore, after combining terms

— 1 9 (y+1)/2(y-1) A =[2y/(y-11

m

3
Il

Since p’ = 0, the thrust is

32-912

(F-15)

(F-16)

(F-17)

(F-18)

(F-19)

(F-20)

(F-21)

(F-22)

(F-23)

1 2 (Y+1)/2(y-1) -1 -4 -1 -0y/(y-11
F=Pto[§(1+005a)v( +1) (H%—Mz) MeAg+<1+”TM5) Ae]

(Y+1)/2(y-1) -[2y/(y-1)1
[ () G) T e ()

(F-24)
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APPENDIX G

Derivation of Force vs Distance Relation for an Adiabatic Pneumatic Ejection System

The ideal gas laws are used to derive the force-distance
relation for a pneumatic separation system. The exist-
ence of a regulator that either stays open or stays closed
after the regulation pressure has been reached is con-
sidered.

A. Symbols

A area of piston face

b (subscript)  gas bottle

Cp specific heat at constant pressure

Cy specific heat at constant volume

E internal energy

f displacement of piston from closed po-
sition

i (subscript)  as a function of §

feap The j at which p, = p,, and the regu-
lator ceases to work

N; force due to the i** pneumatic piston

p pressure

p (subscript)  piston chamber

R universal gas constant

T absolute temperature

Vs volume of gas bottle, including all lines
upstream of the face of the closed
piston

w work

¥ ratio of specific heats, c,/c,

p density

0 initial condition

’ (prime) equivalent initial conditions for regu-

latorless motion when j==j,,,

As may be seen from Figs. G-1 and G-2, the force on

the piston is

48

N; =p,i A (G-1)

GAS PRESSURE

REGULATOR

PISTON

BOTTLE/

yir—=
( Py Vp Po
L—/‘——‘

Fig. G-1. Pneumatic separation device with
pressure regulator

GAS

BOTT L7

PISTON

L‘I—J

Fig. G-2. Pneumatic separation device without
pressure regulator

C

The two cases to be considered are: (1) with a pres-
sure regulator in the circuit, and (2) without a pressure
regulator in the circuit. With a regulator, Eq. (G-2) is
valid until p, = p,; without a regulator, Eq. (G-3) is valid.

p, = constant (G-2)

Pr=pPr=p (G-3)

B. With Pressure Regulator

Using the law of conservation of energy on the gas
contained within the system

Es = pro Voo Tho (G-4)
E;= mVscoTs + ppcy Ty Aj (G-5)
W; = p,Aj (G-6)
Assuming adiabatic conditions
E,=E; +W, (G-7)

poo Vo €0 Too = po Vo €0 Tp + ppco T Aj + py Aj (G-8)

Assuming that the working fluid is a perfect gas, Egs.
(G-9), (G-10), and (G-11) are valid. Equations (G-9)
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-

through (G-11) will then yield Eq. (G-12) which, in turn,
can be reduced to Eq. (G-13).

p = pRT (G-9)
R = Cp— Cy (C-].O)
c c 1 1
==—_= = G-11
R Cp — Cy & -1 Yy — 1 ( )
Cy
Cy Cy Co . ,
EVb Poo = EV" Py + R P Aj + p, Aj (G-12)
Voo = Vopr + ypp A; (G-13)
Therefore
Ai
Pv = Py — ¥YPy Vi (G-14)

The force, N, is p, A as long as p,=p,, when p; = p,,
which occurs at

. "b(Pbo >
= .e —_ — ___1
1 Tear ‘yA Po

then this is no longer true.

(G-15)

When j > jeqp, the system acts as if there were no regu-
lator. The new initial conditions are

=1 few (G-16)
Pho = Pp (G-17)
and, if the pressure regulator stays closed
Vs = Afeay (G-18)
If the regulator stays open
Vi = Vi + Ajegy (G-19)

C. Without Pressure Regulator

Using the law of conservation of energy gives

Eo=po V0, T (G-20)
E; = pc T(Vs + Af) (G-21)
i
W= [ padi (G-22)
0
Assuming adiabatic conditions
E,=E; +W; (G-23)

i
poVocy To = pcy T(Vy + Af) + / pAdj (G-24)
0
Assuming a perfect gas

Cy

i
Vepr = 2(Vy + Aj)p + | pAdj (G-25)
R R A

_ Ajf A
pu=(1+F)p+0-15 [ v G2

Taking the derivative of Eq. (G-27) with respect to j
results in

_ Ai\dp , A _nA
()—(1+Vb)di+pr+(y D p (G20)

which reduces to

v )
Ag=——" (G-25)
YA p 1+ A i
Vi
Integrating Eq. (G-28) gives
i\-Y
p=C (1 + %) (G-29)
b
C is determined by setting p = py, when j = 0.
Poo = C,s0 (G-30)
Ai\-Y
P = Pro (1 + ~V—’) (G-31)
b
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APPENDIX H

Derivation of Spring Efficiency Factor Relation

Experience has shown that separation velocities calcu-
lated by equating initial spring potential energy to even-
tual body kinetic energy do not agree with experimental
results. Typical differences are large enough to warrant
inclusion of this effect in the analysis.

A. Symbols

d, initial spring compression distance = S,/k

d; final spring compression distance = S;/k

k  true spring rate

k' artificial spring rate that gives correct velocity
S, initial spring force

S; final spring force

S; modified initial spring force

S} modified final spring force

v, actual separation velocity

v, separation velocity predicted using k

7 spring efficiency factor

B. Definition and Determination of 1

Experimental determination of 5 does not lend itself
to calculation of a different value for each spring; there-
fore, one value of 7 is used for all the springs. » is defined as

_ _actual separation velocity of bodies (H-1)

velocity predicted assuming perfectly
efficient springs

K

In the analysis, 5 is included by calculating an arti-
ficial spring rate that yields the correct separation ve-
locity.

It is assumed that the actual separation velocity is
determined from a test in which all angular rates are
zero (i.e., only rectilinear motion is involved), so that the
separation process can be modeled as a simple 2-deg of
freedom system. Since only relative motions between the
two bodies need be considered, this 2-deg of freedom
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system degenerates to a 1-deg of freedom spring-mass
system with effective mass m and composite spring con-
stant k.

In the determination of k’, it will be required that the
initial spring compression distance, do, and the final
spring compression distance, d;, be preserved, rather than
the initial and final forces.

C. Effect of ) on Spring Rate

The differential equation representing the 1-deg of
freedom model is

m¥ = k(d, — x) (H-2)

where

x = (separation distance between CM’s)
— (initial separation distance)

The initial values are
x(0) =x(0)=0

The solution to Eq. (H-2) is

k\%“
x(t) =d, I:l — cos (E) t] ,
x(t)=d, <£> * sin<-’f-> |/ét
m m

Let ¢, be the time of complete separation (x = d, — d;)
for the perfectly efficient spring case, and let t; be the
corresponding value for the actual case. Then, from
Egs. (H-1) and (H-3)

0=x=(d; — dy)
(H-3)

(H-4)

. E l’étr
(k_) m) /

sin —> t
m

U,




Now when x =d, — d;, from Eq. (H-3)

k\%
dy—d; = d, I:l — cos (——) t,]
m
k\%
dy~d; =d, |:1 — cos (;;) t}]
k\% K\ %
cos (—> t; = cos (—) t;
m m

which implies that

k\% K\
sin <—> t; = =sin <—> 17,
m m

and

Thus

(H-5)
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since
v, >0 and v, >0
C(k\NE R\,
sin (E) ty = +sm<.ﬁ> t} (H-6)
and Eq. (H-4) becomes
K\ %
9
Then
K =52k (H-7)

To preserve d, and d; with this new spring constant,
new values of S, and S; must be used. These values are
Se = n? So

St =15, (H-8)

APPENDIX |

Calculation of Kinetic Energy, 0T/0q;, and d/dt (cT/%q,) as
Functions of the Generalized Coordinates

The quantities T, 9T /3qs, and d/dt (9T /aqy) are required as explicit functions of the generalized coordinates in the

equations of motion.

A. Symbols
I  inertia matrix

I  components of the inertia matrix

I derivative of inertia matrix [ = p) (ijk)i]

1
m  Zm;
T kinetic energy of the system
x
v velocity vector of CM, | ¢ |, in inertial coordinates

z

g
® angular velocity about body-fixed axes, [my,:l

Wz’

B. Calculation of Tlq,, - - - ,q..)

2T = my vl vi + my vl vy + 0T Lo + @F Ly

(1-1)
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Using the results of Appendix D
¢ (s8sy) + 6 (cy)
©=|¢(socy) —b(sy)

$(co) +9¢
Thus we have
T(fh, T, (I12) (1-2)
C. Calculation of 9T/0q,
Clearly
oT
aqs =0 for qs = X1, X11, Y1, Y1n, 21, 2115 1, P11 (1'3)

The derivatives with respect to the other coordinates are

T
0q,

& Lk

0w 0w
=o'l ‘a'q; + o I _qud (1-4)

where use has been made of the fact that the inertia matrixes are symmetric. Since the first term of Eq. (I-4) is only a
function of 6, and y,, and the second term is only a function of 6, and yy;

W:wTIW’W:mTIw (1'5)
where
[ ¢ (cOsy)
aa_;» =| ¢(ct Clﬁ)} (1-6)
L —o(s6)
e B ¢'>.(50 cy) + é!s.,b)
3y = | H0sw) —b(ew (7)
] 0
The explicit forms are
oT .
5= [Lez (s?¢) + 2L (sy cy) + I (c2y) — I..] ¢ (s6 c8)
+ Iz — Iyy) é‘f’ (C0 sy C‘l’) + 1, é‘i’ (CG) (c"’¢; —s* 'l’)
+ Lo §2 (s¢) (€28 — 520) + [L. (sp) + Lz (cy)] $¢ (c6)
+ [Lys (s¢) — Lex (c9)] 6 (6) + L, ¢2 (cy) (26 — 526) — ez i (6) (1-8)
oT . . .o
i (Lee — Tyy) (sy cy) [¢2 (52 6) ~ 62] + [L,, — 1] 8 (s0) (c* ¢ — %)
+ Ly 62 (52 0) (€ ¥ — s?y) — 41, 6 (s sy cy)
+ [Les (c9) ~ L (s9)] [ (c8) + 3] ¢ (s6) — L, 6% (c2¢ — $29)
— 616 (ch) + §1 [Tex (s9) + L (c9)] (I:9)
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D. Calculation of 9T/9q,
From Egq. (I-1) and the definition of v

or .

& ™

of .,

g Y

of

oz %

For the other coordinates
oT ow 00
G, ~ Tl t gy,

Because of the independence of the first and second terms

oT _ 80 T _ 20 T %
where
o [ @7 o 6007 5, [0
5= —(sy) |, P (sdcy) |, W 0
0 (c) 1
E. Calculation of d/dt (9T/0q,)
(o _
dt a:e) -m
.
dt\ag) ~— ™

For the other coordinates

d [oT . 0wy d [ dw; . 00, 00y
_— )Y =Ty 2 TY . Ty 1 T o
dt <ads> wl II aq's + wI II dt [aq's] + wl II aq's + wII III a(']s

Because of the independence of the first terms in Eq. (I-19) from the last three

d (T epy 00 d [ ow
—_—f——1= I Ty —
dt (ads) ® g ety [aqs]
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(1-10)
(I1-11)

(I-12)

(1-13)

(1-14)

(1-15)

(1-16)

(I-17)

(1-18)

(I-19)

(1-20)

Equation (I-20) applies subscripted with a I when g, = 61, ¢1, ¢1, and subscripted with a IT when q, = 6y, ¢x1, Y.

& (s8 cy) + ¢ (ch cy) — Gy (cf syp) — §(sy) — 8¢ (cy)

, [q'b‘ (s6s9) + ¢6 (cf sy) + i (s6 cp) + 8 (cy) — Gy (ssv)}
(OI =
¢ (ch) — 0 (s8) + ¥

(- 97]

(1-21)
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dt| 9¢ ¢ (—s6)d S

dFow —(0655[/)0:-1—(500\;/).;}
5]

dre]_| g
4[)-[:

Therefore, the explicit forms of d/dt [6T/0q,] for q, = 6, ¢,y are

F(5) = 60 M= L) (v o) + L0y — 0] = (e9) Lo 00) = L 501
+ 9 {La (09) — Ly (s9)} + ¢ {(c0) 0 [(Ler — L) (s cy) + Ly (c* ¢ — 52 9)]
+ (s6) § [(Lee — L) (€29 — 52 9) — 4Ly, (sy cy)] — (560) 6 {1z (cy) — Lz (s9)]
~ (c6) § [ Loz (s9) + L ()]} — 269 {[Lee — Ly] (s o) + Ly (c* y — s*9)}
— §* (L (s¢) + Lo (c9)}

F(53) =T 60 e = L) (v o4) + Lo (9 = 7] + () [Lex(00) ~ L (50)])
+ ¢ {(s*0) [Lez (52 ) + 2Ly (s c9) + Iy (2 )] + 2(s8 08) [ Lz (s9) + Lz (c9)] + (¢ 6) L.}
+ ¥ {(s) [Tz (s9) + Lys (c9)] + (c6) L} + 26 {6 (6 ¢8) [Lez (s29) + 2Ly (sy o) + Ly (c* ) — L]
+ (2 0) [(Lee — L) (59 0p) + Ly (¢ — 529)] + 6(c?6 — 526) [Le (s9) + Lz (cy)]
+ 4 (s8 c8) [Lex (cg) — Lz (s9)]} + 6 {6 (c8) [(Lee — Ly) (syrcy) + Ly (c2y — 57 y)]
+ 4§ (6) [(Lee — L) (€2 — 57 ¢) — 4Ly (sy )] — 6 (6) [Lo: (cy) — Lz (s9)]}
+ {4 (s8) [ Lz (s9) — Lz (sy)] — 6 (s6) L.}

d N .
F(57) = 900 = L (o) + 5 (60 Tar (590 + L ()] + (D) )

+ §Les + 6 {8(c0) [Lx (59) + Lu (c9)] + §(56) [Lex (c9) — Ly (s9)] — 6 (s6) L.:)
— 8y {Xex (s9) + Lz (cy))

APPENDIX J

Constraints

(1-22)

(1-23)

(1-24)

(1-25)

(1-26)

As discussed in Section VII, the constraint conditions are incorporated by means of the Lagrange multiplier tech-

nique. It is assumed that the spring constraint and the pin-puller constraint do not act simultaneously.
The equations of motion for the constrained case are
d oT oT
Eﬁ_ﬁ:@:*—;'\le“ S:xl’yly...,d’lbﬂbll
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2613‘78=rl l=1a2"'.,lm (]‘2)
where the constraint equations are
fi=0
f2=0
fi =0 (-3)
and where
ad
e = (-4
qs
0
e o 09
r = —2 éla ég (]'6)

The pin-puller delay constraint is the condition that, until # = ¢;, a point i on body I remains coincident with a point
on body II. Then

di=0=»di=0=>di,=0, diy=0, d,z=0

} Let

} fl = dia:, fz = diy; fs = diz
and let
fl X1 — X X1i i €13
f=|f|lr={yi—yu|h=]yli| Y= ¥ |es=| e J-7
fa 21 — Zn i 21 €35
Then
f= A%ty — ATH, - (7-9)
j and
_of AT ,  0AT or
&= 3q Ba T 5, M %, J-9)
where

} aaij _ aaij _ aaij _ ab,-,» _ ab;‘j _ B_b,i _ & _ aci,- _ aCi _ ac,-,- _ ?& _ aci,-

u O Yu 06 o1 Oyr  Ox Oy 0z1  Oxu  Oyu  O%n - (J-10)
fori,j=1,2 3.

(sOspsy)  (—sbepsy)  (chsy)
i (s s¢ cy) (—s8 cp cy) (ch cy) (J-11)
(ct sp) (—chcg) (—s0)
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or
0z - o

(J-12)

(J-13)

(J-14)

(J-15)

[[—Ci2 €11 O
A_l s ¢
a¢‘— 22 21
| —Cs2 Cs
[ cn Cao Ca3
A_| .
8111— 11 Ci2 Ci3
. 0 0 0
and
0
o _ o a_ x|
9 26u 8¢ Opu  Wr Wum |
or 1 or 0 or 0 or -1 or 0
w0 w | @m0 | Y e | ol
1 0 yI 0 Zr 1 1I 0 yI] 0
Now
'-—-ﬁl_aA’fI ,_iﬁ{_igr_
&=l oq, |™ " at|oq, |™ dt| g,
where
(cBsg sy) 6 + (sBchsp) é + (s85p cy) v, (—chepsy) b + (s0spsy)é — (s0cpcy)d, — (s859) 6 + (cO o) §
d oA

dt| 26

—(s0 s¢) 6 -+ (ch co) §, (s co) 6 + (cO s¢) ¢,

—C;2 € O

ad—t[g—A]z —622 0.21 0
¢ __éaz ¢ O

‘d_ a—A— _ ——221 _2:22 _223
dt| oy | (‘)‘ (‘)2 (‘)3

and the last term of Eq. (J-15) vanishes.

Then, with r,,r;,7, given by Eq. (J-6), the constrained equation of motion is

n[1]-[¢]

56

— (ch) 6

—[—]= (cBsgcp)d -+ (s cpcy) i — (sOspsp) §, — (chcpey)d+ (sBspcy)d + (B cpsy) d, — (sBcy) 6 — (cOsy) §

(J-16)

(J-17)

(J-18)

(J-19)
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[F] =

coococoococooocoo o

|
- .

(=4

coocooococooo0o ol

|
Yt

3 o

(=R P = = - I = A — A

I
—

0
0
0

My

0

0

0
myz
M2
Ms21

(= =R = R

0
€141

€261
0

X Q]
i O
Zt O
b‘l P;I
"i;l P
1 P (J-20)
[q:l .x.n l:@’ ] Oz
=1 Yu = Q;n
A Znr r Qi
b.n P’m (I '21)
:l;n PQH
;P'u P.{sn
Ay L5
Az Ty
| As L 7s _|
0 0 0 0 0 0 0 -1 0 0 ]
0 0 0 0 0 0 0 0 —1 0
0 0 0 0 0 0 0 0 0 -1
ms; 0 0 0 0 0 0 €1e1 €201 €301
Moz 0 0 0 0 0 0 €141 €2¢1 0
My O 0 0 0 0 0 ewr €1 Cayr
0 my O 0 0 0 0 1 0 0
0 0 my O 0 0 0 0 1 0 (J-22)
0 0 0 my 0 0 0 0 0 1
0 0 0 0 Mun My Mo €ienn €201 €301
0 0 0 0 mMmun Man Man  egn €2011 0
0 0 0 0 Maix Maern Masn €ynr €yn Csym
e1y1 1 0 0 €io11 €191 Eyynn 0 0 0
€2y1 0 1 0 €01t €211 €2y 0 0 0
€31 0 0 1 €3611 0 eyn 0 0 0 j

At each step of the integration during which the constraint is acting, Eq. (J-19) is solved for the accelerations §,, which
are then integrated.

The hard-mounted spring constraint is the condition that, at the tips of the hard-mounted springs, neither translation
nor rotation in a plane perpendicular to the springs is permitted. Thus, g, = g. = 0 (see Appendix K) and h = 0 (see
Appendix L).

Let

Vi —

X1 — X X0 Xm
Yr—Yu|, Wm=|yu|, Tm=|Ym
% — 2y 2n Zim
U dka: Pkz

Uy | di=| dy, |, Pe=1pry |
Ok2 dkz Pkz

(J-23)

The symbols I, m refer to the first and second springs in the input, and k refers to either.
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| The constraint equations are then

f = 8 = b’fi) r + t?x) T — ¥n —j;pw:O
f=g = bfs)r+ t’{3) r;l_ziu_ilmz:o
Since h = 0 only when the numerator (Eq. L-13, Appendix L) vanishes
f: = t?a) r (X — fiprz — Xiim — fm Pmr) - tTl) r{zm + 1 Pz T Zm — fim P""’) =0

We will have need for

d [2Ay
dt| 9q.
and
d aAI _
E[aqg]’ s=1, , 12
For convenience, only
[ 2Au
dt| 9q,

is computed; the rest are found by replacing II by I, and b by a.

d (b, . . .
pr (6011 ) = (clu Spu syr) O + (861 Chur SYmr) du + (s611 Sé11 C¥rr) Y

ob,» . . .
(BOH ) = — (cOu cpu Srr) Ou + (011 Sbur Sym) pur — (5011 Cdnx cymr) Y

|~

&~

(a¥)
| &
= |3

= - (Son Sll/u) éu + cfu C'#n) l;/u

&~

ob., . . .
(aou ) = (€O Spr1 Y1) Oux + (8611 Chrr ) Prr — (11 Spu Sll/u) 253
( = — (cfu Cou CYur) éu + (8611 Sprx CYmr) <}‘5u + (s6 1 Cprr SYm) l/‘/n

&~

- (San Cl[/u) éu - (0011 S‘l’n) l,i'u

SIS
D
S|&
- w
N’ N’ N—
i

= - (80" S¢II) éu + (0011 C(bu) 4;11

SR

|
N TN
=

s

= (5011 Chn) éu + (cbu sémr) <i>n

-~
=
-
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(J-26)

(J-27)

(J-28)

(J-29)

(J-30)

(J-31)

(J-32)

(J-33)

(J-34)

(J-35)
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_1'712 i711
d aAn M 3
. = T2 2 -36
i i | | b 059
'—bsz b31
.bZl b22 523
d aAn N 3 _ s _ g
71?[%] =| ~buw —b. —by (J-37)
0 0 0
Clearly
4 [oAn] _ 0 f I 11 (J-38
dt| aq, | ~ o s=h s e J-38)
Now
-1
0
= 0 (J-39)
I _O_
0"
L 1 (J-40)
oy 0
0
Z=lo (7-41)
0%y
_l—l
1
or
. = 0 - 2
= (-42)
- o
or
= =1
= | L (-43)
- 0]
or
= -44
| 0 (J-44)
or
o, =0  for all other g, (J-45)
The following expressions also will be needed
'i‘ = Au A'f + Ax AT (1‘46)
oT _ 0Au . BAT
30, 4, AT + Ay 20, (J-47)
i 3T _ d aAn T aAH .T M Eﬁ —C_i_ aA’Ir
dt[aqs] ot [aqs ] At gq A T Ang, T Ay [aqs] 0-48)
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Now let
fr =a®Td; (J-49)
ge = a®T AQ pp (J-50)
Then, from Appendix B
fx
. Ik -51
= g (J-51)
fi = a7 dy + a7y, (J-52)
g = aWTAT p, + a®T AT, p, (J-53)
and
. 1 . L.
fx = Py (fx — fx ) (J-54)
of _ 2aT wef 3T | AT, 0AT,
= By 5
2q, 20 di +a 2a, + o4, rix — 3ds ik (J-55)
% — _aau)_T._ T )T aA’fI
aqs - aqs Anpk+a aqx Pr (] 56)
O _ L[ ofe _ 57
oq., & [qu %3, Wq (J-57)
Now let
,_ Of . 08 58
k= aQs Tk _aqs (J )
Then
o satT AL ar  0AT 0AT,
(Q)T —_ —_1 1y
dt [aq ] dt[ oq, ]d"+ oq, R [aqs T g ™ 2g,
OAT d (oAT,
+ a"—’”[ <8q ) T — dt( )rhk] (J-59)
d da®” 0a®” .
a’—[ ] [ ]Afxpk+—a7]TATIPk
. 0AT d [0AT,
(T ()T I -60
+a aqxp"“' dt[aqs]P" (J-60)
Then
m () () - L (22) o
and

)2 ()]
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abq;l) T or _S_ ah
€15 = aqs r+ b(l) aq + aqs ril aq (1-63)
Bb";s) o or atl('a) 8];
25 = 0q, r+ b, 5(',— + 3q, n— aq (J-64)
otT . . , a]l a]m
€ = ot (th = Xlo) (3 + o pre = % fim = fm pme) + €y (512 — ’J‘"‘)(aqs 0g, ™
otT . , of oj
— a;) (l‘I l’fm) (zfll + fipre — % fm — Im sz) - trfx) (l'n rlm) < (”l piz — a_q";sz> (1-65)
and
. d (obY ale . r d /ot v aiz
o RATES) . 66
&5 = dt< aqg)r+ 24, r+ b(u aq + dt( 3. n P (J-66)
. d abT3) Bb‘;” . r 6r d atf“
. il -67
€5 dt( 20 )r + 30 r+ b(s) 50, dt 38 piz (J-67)
df ot ot . .
€35 = dtl: a;:] (xi: — xim) (xnz +fipie = X ttim — fm sz) + & 29, (l'u — Tim) (2 Pz — Im Pmr)
o Ofm ofa d [ Ojm
; + t(s) (¥i1 — Xim) <8q lz — g, me> + t0 (i — Tim) ':dt( Ple ™ ¢ 5‘(}: pmez
| d (ot , , . ot7 : :
~dt ( (1)) (*ir — 1im) (2112 + f1 prz = Zltm — fm pmz) — Bt(]l: (2 = im) (i p1z — fm pmz)
5, (0 — tim) (L, — DI (= v [ () o = 5 (22 (J-68)
ay \Im — aqs 1z aqs Pmz (1) 1 Im pPlz — dt aqs Pmz
The constrained equations of motion are
. ,
IR (J-69)
where
B " O ]
'!]I Q;I
or 4
2y 21
01 Plll
:}gl P;I
;I’.I Pgl
.. .x.n ’ Q;II
[‘1] = in [‘% ]= O (J-70)
2 211
é.n P;II
;bn porr
:P.n PQII
A.l rl
A.z r2
As L T3
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C m; 0 O 0
0 m; 0 0
0 0 m; 0
0 0 0 my,
0 0 0 Ma1x
0 0 0 Msix
0 0 0 0
[F]=| o0 0o o o
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
€iz1 €1 €1z1 Gre1
€221 C2y1 €221 €201
€371 €3y1 €321 €361

0 0 0 0 0 0 0 0 €ir1 €221 €31
0 0 0 0 0 0 0 0 ey €1 E3p
0 0 0 0 0 0 0 0 €121 €221 €321
My Myap 0 0 0 0 0 0 €161 €201 €301
Mooy Mg 0 0 0 0 0 0 €191 €201 €3¢1
Mgy May; O 0 0 0 0 0 w1 €1 Gy
0 0 myy 0 0 0 0 0 €1z €201 €3znn
0 0 0 my O 0 0 0 eyn €yu €xyu (J-711)
0 0 0 0 my 0 0 0 €111 €2:11 €311
0 0 0 0 0 Mun Mien Maan €rent €zem1 Csenn
0 0 0 0 0 Myr Meonm Maan €11 €211 €3¢11
0 0 0 0 0 mun M Masn €wn €ym €aym
€i¢1 €1 € Cyn €z €en €19 Ewynn 0 0 0
€201 Coy1  Cari1 €yn1 €2z €211 €291 Coynn 0 0 0
€391 €ay1 €3 Caynn €axmr €3emn €3pn Caynn 0 0 0 _
APPENDIX K

Distance in the x,,’ z,’ Plane Between the Initial Point of Contact on Body | of a Spring
Hard-Mounted on Body Il and the Tip of the Spring

The distance between the initial and current contact point for a hard-mounted spring tip is required to determine
the no-slippage constraint condition.

A. Symbols
d;
g
fi
l
Flli
i
T
ti;

B. Determination of g;

vector distance between point i on body I and point ¢ on body 1I

vector distance (as defined in the title of this Appendix) g = g.en.. + g €n.-
length of extension of spring i (see Appendix B)

subscript identifying first hard-mounted spring

location in inertial space of tip of spring i

location in body II CS of the tip of spring i

matrix product Ay Al

elements of T matrix (i** row, j** column)

The vector g consists of just the x and z components of g; in the body II CS. Now
Andi =Apr+ An AT vty — An AL B = Apr + Trls — Y (K-1)

Therefore

ge=bl,r+ 0, thi— %, g =b} r+ 7 i — (K-2)
where the first spring has been specified.
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Clearly

X = % + i pie (K-3)
Zm = 2 + f1p1e (K-4)
APPENDIX L

Angle of Rotation in the x,,” z,,’ Plane Between Body | Pads and Body Il Spring Tips

The angle of rotation in the xf; zf; plane is required to specify the constraint condition that no such rotation shall

occur.

A. Symbols

€q

€p

Im

tij

B. Calculation of h

a vector on body I from the initial point of contact of
spring tip [ to the initial point of contact of spring tip m

a vector joining the tip of spring [ to the tip of spring m

unit vector along the projection of a on the af; 2{; plane

unit vector along the projection of b on the xf; zi; plane

angle of rotation in the xf; z1; plane between body I pads and body II spring tips
subscripts identifying the first two hard-mounted springs

location vector of tip of spring i (see Appendix B)

matrix product Ay A;* (see Appendix K)

elements of the T matrix (i** row, j** column)

During any one integration interval, if the rotation is constrained, the rotation will be small, so it is not necessary
to consider angles other than those in the first and fourth quadrants.

Expression of the definitions of a and b yields Eqgs. (L-1) and (L-2).

a= ﬁl - r;'m (L'l)

b=P;— Pn (L-2)

Expressed in body II coordinates, Egs. (L-1) and (L-2) become

a=

A A7 [(%h — %lm) €120 + (Yl — yim) €y + (212 — Zim) €12-]

= [t (xfl - x;m) + t12 (y;l - yim) + tis (Z;t - zim)] €11z

+ [t (x;l - x{m) + 2 (yiz - yim) + 3 (Z;l - zfm)] €y’
+ [tal (xfl - xfm) + 13 (y;l - yim) + 133 (Z{l - me)] €112’ (L'3)
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b= (xill — Xm T+ i1 Plz — im Pma:) €11z
+ (!/fxl — Yum T fip1y = im va) €y’

+ (2t — 2w + f1p12 — fm pme) €117 (L-4)
Let
Bg = (Bue® + ane )
= {[tu (xhs — %m) + 212 (Y11 — Yim) T t1s (20 — Zim)]*
+ [ta (2 — ®m) + taz (Y1t — Yim) + tas (3 — 2im) ]2} (L-5)
Ay = (bys? + by 2%
= [(xtnr — %tm + f1piz — Fm pme)® + (211 — Z1tm + fi prz — fm pma)? 1% (L-6)
Then
e = (am) €. (ﬂl—> €r.r = €az €11z + gz €11
A, Ag
e = (%) e t+ <b::> €uz = €bs €z T Coz€qra (L-7)
and

€4z — [tu (xfl - x{m) + ¢, (y;l‘_ yfm) + ts (z;l - z;m)]

A,
oz = [t11 (211 — Xim) + ts2 (Y1i — Yim) T+ tas (20 — Zim)] (L-8)
Ag
Cpr = x;ll - xilm + il Plz — im Pmer (L-g)
Ay
€p: — z';ll - z;lm + il Pl — im Pmr (L—lO)
Ay
Since e, and e, are unit vectors
sinh = |e, X ey| = €q €5z — €a: €y (L-11)
cosh = e;* ey = €, s + €ax €p (L-12)
Thus
h = tan-? (Mﬁ) (L-13)
€ar by T €42 €p:
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The integration method used by FMARK is the fourth order Adams-Moulton predictor formula with one correc-
tion. Automatic error control is exercised by comparing the value of the predicted with the corrected result. Fourth

order Runge-Kutta integration is used to build backward differences, initially or for a restart.

The classical fourth order Runge-Kutta equations follow. Let the differential equations to be solved be of the form

where symbolically

Let

Thus

Let

and

!./J'=fi(t’!-/) i=1’n

7=, " Yn)

Yin and denote

Y; and f; at t=1ty

U= (Y =" »Ynn)

I—<i = (Kli, e ,Kni)

K;, = hf;(t,yn)

h _ -
Kjg: hfj(t+§, yq'{" 9

B
Ko=hfy (145 B+t

K;s=hfi(t+h, !7';+I-<3)

The numerical integration equation is then

where y; 5., denotes y; at t +h.

1 =~ - -
!71,+1 = !71, + g(Kl + 2K2 +2K3 + K4)

(M-1)

(M-2)

(M-6)

(M-7)

The Adams-Moulton fourth order predictor-corrector equations follow, where 7 =~ = the predicted values, and

f}f,u = the corrected value

P, =yq+h(2 V)y
i=0

(M-11)
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where
V°'_z}',, = ?’7
Vi =Yy — Ynp
Vigy = Vigy — Vigy, (M-12)
etc.
and
1 5 3 251
a, =1, 01:‘5, 0221‘2‘, (13:—8-, a4=72—0 (M-13)
Also
i-/lj).nn = fi(tnar, g";n) (M-14)
and the correction becomes
B0 =500+ h(2 09135, (M-15)
where
bO = a,, bm+1 =QAmsy — Ap, M= 1,2,3 (M-16)
Let
Py
Ey.. = max;———'y"”” JAN (M-17)
D;
where
D; = max|y$,,,. 9| (M-18)

E,. . represents the maximum error in any of the dependent variables due to truncation error in the step ty to t,,,. The
user, through the array HB, provides the

E upper bound on E, .,

IIL: lower bound on E,,,

hmax  maximum allowable step size

hyin minimum allowable step size

gy constant used to prevent unnecessary reduction in h whenever |y; y..| is small

IfE,, = E for four successive steps, h is doubled. If £< E,..<E, his unchanged. If E,,, > E, his halved.
If a discontinuity occurs in some ; it is obvious that the Adams-Moulton technique with the backward differences

can not be continued. In this case, a restart must be made (i.e., Runge-Kutta integration is used for four steps). With
these points, Adams-Moulton integration is continued.
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APPENDIX N
FORTRAN Listing and Sample Problem Printout
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68

CENERAL INPUTY

1 FORMAT(EE12.0)
2 FORMAT(6112)

EQUIVALENCE (T,T),(ZERO,ZERO),

1 (X1,VEC1) 7 ,(Y1,v1(2)),(Z2,v1(3)),(T1,Vvi{4)},(T2,VI(5))
1,(PS,V1(3)),(P2,vI(T)) ,(81,V1(8)),(82,v1(9)),(X1X,V1(10)) ,CYLY,V1(
111)) , €212,V (12) ), (T1T,v1(13)) , (T2T,V1(14)) , (PL1P,V1(15)),(P2P,vi(1
16)),(S1S,V1(17)) ,(S28,v1(18)),(X2,V2(1)),(Y2,V2(2) ,(Z2,v&(M),
1(X2X,V2(4)),(Y2Y,v2(5)),(22Z,V2(6))

COMMON T ,ZERO,V1,V2,YDOTE,YDOT2

COMMON A,B,AD,BD

DIMENSION YDOT2(S6) ,YDOT1 (18) ,V2(6) ,V1{18) ,NH(8) ,HB(E)

DIMENSION A(3,3),B(3,3 ,AD(3,3),8D(3,3)

DIMENSION DM(3,3) ,DN(3,3)

COMMON WIL1,TCD

DIMENSION TCG(8) ,TCO(8)

DIMENSION FM(3,4) ,FEL(3) ,AONST(3) ,CM4(3,3) ,DUD(D)

DIMENSION DD(12) ,DF (8) ,D(8) ,XC1(8),YC1(8),2C1(8) ,XC2(8) ,YC2(8),
12C2(8)

DIMENSION EP(12) ,P1(3),TP(8) ,XP1(3),YP1(3),ZP1(3),XP2(3),YP2(3),
1ZP2(3) ,UPX (D) ,UPY(3) ,UPZ(3)

DIMENSION € (12 ,CA(€) ,PA(S) ,VA(6) ,PAD(S) ,VAD (6) ,3CX(€),86Y(6),
1362 (6) ,UAX(3) ,UAY (3) ,UAZ(3) ,UPAX(3)} ,UPAY (3) ,UPAZ (3) ,VAX(3) ,VAY(D)
1,VAZ(3) ,VPAX(3) ,VPAY(3) ,VPAZ(3)

1,66(8)

DIMENSION BINV(15)

DIMENSION H(1®)

DIKENSION 63 (12) ,FC1(8) ,FG2(8) ,XC1(8) ,Y61(8),261(8) ,X62(8),
1Y62(8) ,262(8) ,UCX(8) ,UCY (B ,UCZ (8) ,VEX(8) ,VGY(8) ,VCZ(8)

DIMENSION XN(12) ,AN{8) ,RAX(8) ,PPN(8) ,VNX(8) ,VNY(8) ,VNZ(8) ,XN1(8) ,
1YN1 (8) ,ZN1(8) ,XN2(8) ,YN2(8) ,ZN2(8) ,PNEM (8) ,EQP (8)

DIMENSION R(12) ,RR(36) ,XR1(16) ,YR1(16) ,ZR1(16) ,XR2(16) ,YR2(18) ,
1ZR2(16) ,URX(16) ,URY (16) ,URZ (186) ,VRX(18) ,VRY (16} ,VRZ (16) ,TE(1®) ,
1TF(16) , TRK(32)

DIMENSION SIOR(12)

DIKENSION S$(12) ,XS1(8),YS81(8),Z81(8),X32(8),Y82(8),282(8),USX(B),
1 USY(8) ,USZ(8) ,80(8),3K(8)

DINENSION W(12) ,WO(8) ,UK(8) ,XU1(8) ,YUL(8) ,ZU1(8) ,Xu2(8) ,YUR(®),

1 Zue(e

DIMENSION @(12)

COMMON XX1,XY1,XZ1,YY1,Y21,721,XX2,XY2,X22,YY2,YZ2,222,
1FM30,FM20,0EL, TPR, TO,EXY ,EY? ,E28 ,EX2,EY2,E22,WX,WY , W2,
2W1Y0,1CD ,IPR,IAC,IHY,ICG,IPN,IRK, 18P ,18V,1N

COMMON DF,D,XC,YC ,2C,XC1,XC2,YCY,YC2,2C1,2C2

Ca4ON PI, TP,UX,UY,UZ,XP,YP,2ZP,UPX,UPY ,UPZ ,XP1,XP2,YP1,YPR,
17P1,2P2

COMMON TA,TB,TC,TD,1AC1,1AC2,MAC,NAC,IGLAG,GA,PA,VA,PAD,
1VAD, 86X, SCY, 562 ,UX ,UY ,UZ ,PUX,PUY ,PUZ ,VAX,VPAX,VAY,
2VPAY ,VAZ,VPAZ ,UAX,UPAX,UAY ,UPAY ,UAZ ,UPAZ G

COMMON HO ,HK ,HE TA ,PPM ,DRB, AH,PHBO, YHB ,CAMK , JH ,DEQP ,HYDA,
1MYDB,HYDC ,HETA ,DA ,HYDD ,HYDE ,DB

COMMON 64 ,68T,FC3,1JLAG,MAXES NAXES,FCG1 ,FCR,TCO, TCG,
1UX,UY,UZ,X6,Y6,26,X61 ,X62,Y61,Y62,261,262,V6X,V6Y,
2ve2 ,UGX ,UGY ,Ue2

COMMON XN, JN,PBO,VBN ,CAMN ,AN ,RAX , PPN , XXN , YN , ZN ,VNX ,YNY,




Ty
430
431

1011

1012

308

309

310

311
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GENERAL INPUT

1VNZ ,XN1,¥N2,YNL ,YN2,2ZN1 ,ZN2 ,EQP PPN ,PNEN

COMMON R ,YEX,VEY,VRZ ,URX,URY ,URZ,TE, TF , TROC,SUN ,
T1EUN2,SUN3, SANT , SAN2,SAN3,XX10,YY10,2210,XX20,YY20,2220,
2F%01,FKD2,RR,XR,YR,ZR ,XR1 ,XR2 ,YR3,YR2,ZR1,ZR2,RUN,PUN,
ITRK

COMMON  S108

COMMON S, SETA,XMU,EPSIN,DELTS,X81,X82,Y81,Y82,281,282,
180, 8K

COMNON W,ETA,WO,UK,XU,YU,ZU,XU1,XU2,YVUL,YU2,2U1,2V2,T6
DIMENSION WIOR(®)

CONMON WIOR

COHHOW OM,DN,R1,R2,P3,P21,P22,P23,2TEST,F,CA,XI1,YI1,211,XI2,
XY12,212,USX,USY,us2

COM4ON XP,YP, 2P, X14,X12,211,212,1CLAG, TRIG2 ,ELM,LIRK,N,XS,Y8,28
COMMON WL

DIKTNSION WL (8)

DIKINSION F(15,15),CA(3)

1CLAG=1

FORMAT (1HO,28HBODY 1-FIXED AXES XY 2

FCRMAT (1HD,28HI00DY 2-FIXED AXES XY D

FORMAT (1M ,CC-CRAVING BOARD AXES X 2 -Y)

RLAC INPUT TAPE 5,101%,(6(I),151,12

FORMAT (12A6)

READ IKPYT TAPE 5,1012,WIL1,IL1,IHY

FORMAT(E12.8,2112

READ INPUT TAPE $,1,XX1,XY1,X21,YY1,Y21,221

READ IKPUT TARE 5,1,XX2,XY2,X22,YY2,Y22,222

READ INPUT TAPE 5,1,FM10,FN20,DEL,TPR,TO

READ INPUT TAPE 5,1,EX1,EY1,E21,Ex2,EY2,E22

READ INPUT TAPE 5,1,WX,WY,wWZ,W1YD

READ IKPUT TAPE 8,2,10D,IFR,1C6,IPN,IRK,I1SP

READ INPUT TAPE 5,2,1SU,IQN,IAC

WRITE OUTFUT TAPE 6,308,(6(D),1=1,12,1L1

FORMAT (141 ,12A6/5HDCASE , 15/ 11HOINPUT DATA/)

WRITE OUTPUT TAPE 6,309,0EL,TPR,TO,WiYD

FOIMAT(1HO,1340ELTA TIHE = E10.3, 4H SZC,3X,13+DELTA PRINT=
1£10.3,4H €5C,3X,13HTIFZS(INITIALIE10.3,4H SEC,3X,17HSPIN-UP RATE
1£10.3, 84 DEG/SEC )

=1

WRITE QUTPUT TAPE 6,310,J,MN10

FORIAT(140,14H14PUT FOR BCDY 11,5X,7HMASS = E15.7,4H LBM)
WRITE QUTPUT TAPE 6,318

FORMAT(1HG,10X, SSHINERTIA MATRIX LEM IN SQ@ ,15X,195RATES ABOUT DR
1AWING, €x,17HCOCSDS IN DRAWING / 51X,18HCOARD AX1S DEG/SEC,TX,
121HEOARD €S OF CM-INCHES )

WRITE OQUTPUT TAPE 6,312,XX1,YY1,WX,EX1,XY1,Y21,Wr EYY,X21,221,W2,
1 E21

312 FORMAT(IN ,5HIXX E13.7,5X,5HIYY E15.7,8X,5HX E15.7,5X,5MX

1 E15.7/64 IXY E15.7,3X,5HIYZ E15.7,5X,SHY E15.7,5X,5HY
1 E15.7/6M IXZ E18,.7,5X,5HIZZ E15.7,3X,5M2 E15.7,5X,3H2
1 E18.7 /N
J=2
WRITE OUTPUT TAPE 6,310,J,MM20
WR1TE OUTPUT TAPE 6,311
WRITE QUTPUT TAPE €,312,XX2,YY2,wx,EXx2,XY2,Y22,wr .EYR,X22,222,W2,
1 E22
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GENERAL INPUT

WRITE QUTPUY TAPE €,313,1CD,IPR ,1C6,IPN,IRK,ISP,I8Y,IN
313 FORMAT(IN ,6HICD = 11,4X,6HIPR = 11,4X
16HICE = I1,4X,6KIPN = 11,4X,S54IRK = 11,4X,6KISP = 11 ,4X,6HISU = 11
1,4X,60ICN = 11 7///)
WRITE OUTPUT TAPE 6,449
WRITE OUTPUT TAPE 6,451
WRITE QUTPUT TAPE 6,450
WRITE OQUTPUT TAPE 6,431
WRITE QUTPUT TAPE 6,848
845 FORMAT(1M1)
DO 3 K=1,12
DD (K) =0.0
3 CONTINUE
IF (1Cd) S000,4,5

[ 4 COULOMB DRAG INPUT
S WRITE QUTPUT TAPE 6,314
314 FCRMAT(1HO,104HCOULOME DRAG INPUY /53X ,84H0 (1) ~LBF ,13X,8HDF (1) ~IN, 18X
1 ,405CRAWING BOARD LOCATIONS OF DRAG FORCE~IN /49X, 1HX,20X,1HY,
1 20X,1HZ 7 )
DO & I=1,1CD
READ INPUT TAPE 5,1,DF(I),0(I),XC,¥C,2C
WRITE QUTPUT TAPE 6,31%,D(I1) ,DF(1}),XC,YC,2C
318 FORMAT(14 ,E15.7,6X,E15.7,6X,E15.7,6x,E15.7,6%,E15.7 )
XC1 (1) =XC-EX1
XC2(1) =xXC-EX2
YC1(1)=2C-E21
yca2(1) =zC-Ez2
2C1 (1) =EY1-YC
2c2(1) Eve-yC
6 CONTINUE

c PYROTEOMNIC INPUT

4 DO 7 K=1,12
£P(X) =0.0

7 CONTINUE
IF (1PR) SD0D,18,9

9 WRITE QUTPUT TAPE 6,354
TP(2=0.0
TP(3)=0.0

354 FORMAT(INO,17HPYROTECHNIC INPUT / 11X,37THCOSINE DRAW BOARD AXIS AN
10 ITH DEVICE,30X,4HPYROTECKNIC LOCATIONS-IN / 6X,2HUX,19X, WY,
119X, 2:U2Z , 20X, 1HX, 20X, 1HY ,20X,1HZ )
DO 10 I=1,IPR
READ INPUT TAPE 3,1 ,P1(D),TP(D)
READ INPUT TAPE 5,1,UX,UY,U2,XP,YP,ZP
WRITE OQUTPUT TAPE 6,355,UX,UY,UZ,XP,YP,ZP
358 FORMAT(IM ,E15.7,6x,E15.7,8x,E18.7,6x,E15.7,6X,E15.7,6X,E15.7 )

UPX (1) =ux
UPY (1) U2
UPZ (1) z~yy
XP1 (1) =xP-EX1
XP2(I)=xP-EX2
YPI (1) =ZP-EZ1
YP2(1) =2P-£22
IPL (D) EY1-YP

70




CENERAL INPUT

P2(1)=kye-YP
10 CORTINUE
VRITE QUTPUT TAPE €,33¢
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356 FORMAT(IN ,1X,134TOTAL THPULSE ,SX,11KFIRING TINE /7 11X,

11CHITH DEVICE-LBF SEC,SX,12HITH PYRO-SEC )

0O 387 1=1,IPR

WRITE QUTPUT TAPE €,338,P1(D),TM(D)
P1(1)=P] (1) /DEL

CONTINUE

COLD GAS JETY INPUT

DO 20 K=1,12

€J(K)=0.0

CONTINUE

IF (1Ce) S000,2%1,22

READ INPUY TAPE 8,1,637,F63
READ INPUT TAFE S,2,1JLAG,R
WilTE CUTPUT TAPE 6,3%29,FC3,G8Y
WRI1TE QUTPUT TAFE 6,370,141
IF (lJLAG~1) T20,724,720
RAXE $=1

NAXE 82X

6O TO T2

723

™

3% FORMAT(340,18H00LD CAS T IPuUT /éw F3 €15.7,5X, SNFALE XY RORC

1E ESCOES ZERO E15.7,4W LIF )

37D FORMAT(IM ,8X,4CnCC3NT 4 7HE TWUST £0 22y a0~CDY 13,2,

125HTOLD GAS JET LOCATICNS~IN /

16X, S0, 19X, DYY, 18X, -2, 20X, S+, TN, INY , 20X, 12 )

720 MAXES=1CO~Ket
NAXE $=1C6
722 DO 23 I=AAXES,NAXES

READ NPT TAFE 5,3,F61(1),FC2(1) ,TOO(1) , TORLD)

READ ITKPUT TAPE S,1,UX,UY.U2,X6,Y6,26
WRITE CUTPUT TAPE 6,355,UX,UY,U2,X6,Y6,2¢
X61 (1) =xe~Ex1

XG2(1) =Xe~EXE

Y61 (1) =2¢-E21

ve2(1) =7¢-E282

261 (1) EYI-Y6

2 EYS-YE

IF (1JLAG~1) 24,235,234

vexX (1) =Ux
ey (1) Wz
veZ (1) a~yy
vex(1)=0.0
veY(1)=0.0
weZ(1)20.0
o 0D

. VX (1) 0.0
veY (1) =0.0
ve2(1)=0.0
veX (1) =ux
ver (1) =2z
Us2 (1) 2-yy
CONTINUE
IF (NAXES-3CE)

23
723,8001 ,8001

VA
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379

3029
3028

GENERAL INPUY

SUN2=0.0

SUN3=0.0

SAN1=0.0

SAN2=0.0

SAN3=D.0

DO 3024 1=1,IRK

READ INPUT TAPE $,1,UX,UY,UZ,VX,¥Y,v2
WRITE OUTPUT TAPE 6,355,UX,UY,UZ,VX,VY,V2
SUN1 =SUN1+UX

SUN2=SUN2WJY

SUNI=SUN3I+UZ

SAN1=SAN1 +VX

SAN2=SANR+VY

SAN3=SANI+V2

CONTINUE

XX10=XX3

YY102YYl

2210=221

XX20=XX2

yy2o=yv2

2220=7222

WRITE QUTPUT TAFE 6,379

FCRMAT(IH ,6X,24HMASS FLOW RATE  LBM/SEC,10X,16HTHRUST MAGNITUDE,
1 18X,16HROCKET LOCATIONS 7 tH ,
1 4X,6H3ODY § ,15X,6HBODY 2 ,11X,3HLBF,29X,1HX,20X,1HY,20X,1HZ )
RUM=0.0

PUNM=0.0

DO 380 I1=1,IRK

READ INPUT TAFE 5,1,FmD1,FMD2,RR(1) ,XR,YR,ZR
WRITE QUTPUT TAPE 6,355,FMD1,FMD2,RR(1) ,XR,YR,ZR
XR1(1) =XR-EX1

R2(I) =XR-EX2

YR1 (1) =ZR-E21

YR2(1) =ZR-EZ2

ZR1 (1) =EYLI-YR

ZR2(1) €Yv2-YR

RUM=RUM+FMD1

PUMPUM+FMD2

CONTINUE

DO 3025 1=1,IRK

J=2%1~-1

TRK (J) =TE(])

TRK(J+1) =TF(D)

CONTINUE

JTIRK+IRK

DO 3026 1=1,J

K=l

K=Ke1

IF (X-J ) 302,3029,302¢

IF (TRK(I)-TRK(K)) 3027,3027,3028
TEMP=TRK (K)

TRR(K) =TRK(])

TRK (1) =TENP

¢0 TO 3029

CONTINUE

LIRK=g
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CENERAL INPUT

C SPRING INPUT
31 DO 36 K=1,12
$(X)=0.0
36 CONTINUE
1F (1SP) 3000,37,38
33 READ INPYT TAPE 5,1,SETA,XMU,EPSLN,DELTS
1e=1
READ INPUT TAPE S,2,N
IF(N-2) 6551 ,6552,68552
6552 ICLAG=~1
6551 CONTINUE
WRITE QUTPUT TAPE 6,381,3ETA N
381 FORMAT(1HO,12HSPRING INPUT,/,2X,10HEFFICIENCY,SX,
134KRESTRICT INDEX,/
1€15.7,110)
SETASSETA®SETA
WRITE QUTPUT TAPE 8,382
382 FORMAT(IH ,15X,28HCOSINE DRAW BOARD AND SPRING,39X,19HSPRING LOCAT
1ICNS-IN /6X,24UX, 19X, 2HUY ,19X, 2HUZ , 20X , 1HX , 20X , 1HY , 20X (INZ )
DO 39 I=1,I8P
READ INPUT TAPE S5,1,UX,UY,UZ,Xs,YS,28
WRITE OUTPUT TAPE 6,355,UX,UY,UZ,XS,Y8,28
X$1 (1) =XS~EX1
X$2(1) =x$-EX2
Y81 (1) =28-E2Z1
YS2(1) =Z8-€22
Z31 (1) =Ev1-v3
252(1) E€Y2-YS
USX (1) =Ux
usY (1) Uz
: usZ (1) =-yy
READ INPUT TAPE 5,1,S0(1),SK(I),s10a(I)
39 CONTINUE
WRITE QUTPUT TAPE 6,383
383 FCRMAT(IH ,1X,13HINITIAL FORCE,7X,15HSPRING CONSTANT,
17X, 14KRESIDUAL FORCE/,
26X, IHLEF , 17X, BHLEF/ IN, 14X , SHLBF)
DO 384 I=1,ISP
WRITE QUTPUT TAPE 6,355,S0(1),SK(I),810&(1)
SK(I) =SK (1) *%¥ETA
SO(1) =3O (1) ETA
SI0Q(I) =SI0R (D *ETA
384 CONTINUE

4 UNIVERSALLY JOINTED SPRING INPUT

37 DO 4D K=1,12
W(K) =0.0

40 CONTINUE
IF (I1suy) S000,41,42

42 READ IKPUT TAPE S,1,ETA
WRITE QUTPUT TAPE €,383,ETA

385 FORMAT(1MD,32HUNIVERSALLY JOINTED SPRING INPYUT 7 11X,
1418HEFFICIENCY FACTOR E18.7 /
117X, 23HLOCATIONS ITH SPRING-IN/,
17X, 24X1,19X, 2HY1 , 19X , SHZL, 19X, 2HX2,19X , 2HYZ, 19X, 242®)

. 32-912
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GENERAL INPUTY

ETASETASETA

DO 43 1=1,180

READ INPYT TAPE S5,1,XU,YV,2V,XVU0,YU0,2V0
WRITE OUTPUT TAPE 6,353,XVU,YV,ZV,XU0,YV0,2V0
READ INPUT TAPE 5,1,W0(D),UK(1},wi0a(l)
WIOR (1) =WIOR (1) $ETA

UK(T)=UK (1) ETA

WO(D) WO (1) % ETA

XU (1) =XU-EX1

xU2(1) =xyo-Exe

YUL (1) =2U~-E2Y

yuz(l) szuo-Eze

ViI(1) EYL-Y

2u2(1) € v2-YVO

43 CONTINUE

T6=0
WRITE QUTPUT TAPE 88,7312

7312 FORMAT(164D INITIAL FORCE,9X,11HSPRING RATE,7X,14HRESIDUAL FORCE/

7311

41
43

38¢

1,8X,3HLEF , 16X, 6HLBF/IN, 18X , 3KLBF)
DO 7311 1=1,1%

WRITE OUTPUT TAPE 6,355 ,WO(1),UK(]1),WI0(])

IF (1ON) 5000,44 ,48

READ INPUT TAPE 5,1,T76, xP,YP,2¢

1Q=-1

WRITE CUTPUT TAPE €,386,XP,YP,2P,TC

FORMAT (1HO,1GHPIN-PULLER INPUT 7/ $3X,30HLOCATION DELAYED PIN PULLE
1R-IN,23X,11KFIRING TIME ,10X /77X, 1HX , 20X, IHY , 20X ,
$11K2 ,19X, 3HIEC,18X/71X,

1 E15.7,6x,E15.7,8%,E15.7,8X,

1 €£15.7,6X,E15.7

X11=3P-EX1

X1 2=xP-EX2

Yi1=2P-E21

Yi2=7zr-E22

Z11€Evi-YP

212=€EYR-YP

IQLAG=0

mIC2=TG

CONTINE

CALL CHAIN(Z,®)

ERROR
WRITE QUTPUT TAPE 6,500%
FORMAT (1M0,16HERROR INPUT DATA )

4000 CALL EXIT

gEs0(1,0,0,0,0,0,1,0,0,1,0,0,0,0,0)
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SUBROUTINE SW(l,J,A)

SUEROUTINE Sw(1,J,A)

DINENSION A(1)

B=A(D

A1) =AC(d)

A3 =B

RE TURN

€Eno (1,0,0,0,0,90,1,0,0,1,0,0,0,0,0)

#

77
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DIKENSION BA(3,D) WR(3) L, WTL () ,WT2(3)  WTH(D)

DIMENSION BA(3,3) WWR(3) ,WTE(3),WT2(3) ,WT3(3)

DIMENSION FOIE (8)

EQUIVALERCE (T,T),(ZERO,ZERD) ,

1 (X3,VE(8)) ,(Y1,V1(2)),(Z8,V1(3)),(T1,Vi(4)),(T2,Vi(5))
1, (P1,V1(6)),(P2,V1(7)),(81,V1(8)),(S2,V1(9)},(X1X,V1(10)) ,{Y1Y,V1(
111)),(21Z2,V1(12)) ,(T1T,v1(13)),(T2T,V1(14)) , (PIP,v1(15)),(P2P,V1(1
16)),(518,V1(17)),(S25,v1(18)),(X2,v2(1)),(Y2,V2(2)) ,(Z2,v2(3)),
1(x2x,v2(4)),(Ya2y,v2(5)) ,(z22,v2(6))

CO4HON T,7ERO,Y1,V2,YDOT1,YDOT2

COMMON A,B,AD,BD

DIKENSION YOOT2(6) ,YDOT1(18) ,V2(6) ,V1(18) ,NH(6) ,HB(S)

DIMENSION A(3,3,1),8(3,3) ,AD(3,3) ,B0(3,3)

DIMENSION DM(3,3) ,DN(3,3)

COMMON WIL1,TCOD

DIMENSION TCG(8),TCO(S)

DIMENSION FM(3,4) ,FEL(3) ,AONST(3) ,CH(3,3) ,DUD(Y)

DIMENSION DD(12) ,0F(8) ,D(8) ,XC1(8) ,YC1(8),2C1(8) ,XC2(8) ,YC2(B),
12C2(8)

DIMENSION EP(12) ,P1(3),TP(6) ,XP1(3) ,YP1(3) ,ZP1(3) ,XP2(3),YP2(3),
1ZP2(3) ,UPX (3 ,UPY (3) ,UPZ(3)

DIMENSION (12 ,CA(6) ,PA(S) ,VA(S6) ,PAD(S) ,VAD(6) ,SCX(8) ,SCY(6),
1SCZ(6) ,UAX(3) ,UAY(3) ,UAZ(3) ,UFAX(3) ,UPAY(3) ,UPAZ(3) ,VAX(3) ,VAY (D)
1,VAZ(3) ,VPAX(3) ,VPAY (3) ,VPAZ (D)

1,66(6)

DIMENSION BINV(13)

DIMENSION M(12)

DIMENSION €J(12) ,FG1(8) ,FC2(8) ,XG1(8),YG1(8),2¢1(8) ,XC2(8),
1Y62(8) ,2¢2(8) ,UCX(8) ,UGY (8 ,UGZ(B) ,VGX(8) ,VCY (8) ,VGZ(8)

DIMENSION XN(12) ,AN(8) ,RAX(8) ,PEN(B) ,VNX(8) ,VNY (8) ,VNZ(8) ,XN1(8) ,
1YN1(8) ,2N1(8) ,XN2(8) ,YN2(8) ,ZN2(8) ,PNEM(8) ,EQP(8)

DIMENSION R(12) ,RR(16) ,XR1(16) ,YR1(16) ,ZR1(16) ,XR2(16),YR2(16) ,
1ZR2¢16) ,URX(16) ,URY (16) ,URZ (16) ,VRX(16) ,VRY (16) ,VRZ (16} ,TE(16) ,
1TF(16) , TRK (3D

DIMENSION SIOQ(1®)

DIMENSION S$(12),X$1(8),YS1(8),281(8),X52(8; ,YS2(8),252(8) ,USX(®),
1 USY(8) ,USZ(8) ,SO(8) ,SK(8)

DIMENSION W(1D ,WO(8) ,UK(8) ,XU1(8),YU1(8) ,ZV1(8) ,Xu2(8) ,YU2(8),

1 va(e

OIMENSION Q(12)

COMMON XX1,XY1,X21,YY1,Y21,224,XX2,XY2,X22,YY2,Y22,2282,
1F410,FM20,DEL, TPR, TO,EX1 ,EY1,E21 ,EX2,EY2,E22, WX, WY W2,
2w1Y0,1D ,1PR,IAC,IHY,1CC, 1PN, IRK,1SP,ISU,ICN

CCMMON DF ,D,XC,YC ,2C,XC1,XC2,YC1,YC2,2C1,2C2

COVMON P, TP,UX,UY,UZ,XP,YP,ZP,UPX,UPY ,UPZ,XP1,XP2,YPY,YPR,
12P1,2P2

CCMMON TA,TB,TC,TD,1AC1,1AC2,MAC,NAC,I1GLAG,CA,PA,VA,PAD,
1VAD , SEX , SGY ,SCZ ,UX ,UY ,UZ,PUX,PUY ,PUZ ,VAX ,VPAX,VAY,
2VPAY,VA2,VPAZ ,UAX,UPAX,UAY ,UPAY ,UAZ ,UPAZ ,66

COMMON HO,HK ,HE TA ,PPH ,DHB, AH,PHBO,VHB ,GAMM , JH ,DEQP ,HYDA ,
1HYDB,HYDC,HETA ,DA ,HYDD ,HYDE ,DB

COMMON 6J,CST,FG3,1JLAG MAXES ,NAXES,FG1,FG2,7C0,TCE,
1UX,UY ,UZ ,X6,Y6,26,X61 ,X62,Y61,Y62,261,262,VeX,V6Y,
2v6Z ,UGX ,UGY ,UG2

COMMON XN, JN,PBO,VEN ,GAMN AN RAX ,PPN, XXN , YN, ZN,VNX ,VNY,
1VNZ XN1,XN2,YN1,YN2,ZN1,ZN2 EQP PPN ,PNEN

CCMMON R ,VRX,VRY ,VRZ ,URX,URY ,URZ,TE, TF, TROC,SUNY,




x

-

se12

6673

6676¢
6677

8005

DIMENSION BA(3,3) JWR (), WTE(Y)  WT2(3)  ,WT3(3)

18UN2,SUNS, SANT ,5AN2,56N3,XX10,YY10,2210,XX20,YY20,2220,
erung ,FED2,RK,XR,YK,ZR,XR1 ,XR2 ,YR1,YR2,ZR1,ZR2,RUM,PUM,
3TRK
COMMON STOR
COMMON §,SETA ,XMU,EPSLN,CELTS,XSt ,X52,Y81,Y82,288,282,
1S0,5K
COMMON W,ETA ,WO,UK,XU,YU,2V, XUt ,XU2,YU1,YU2,2V01,202,T¢
DIKENSION WIOQ(8)
COMMON WIOR
CC:=ON DM,ON,R%,R2,P3,P21,P22,P23,2TEST,F,CA,XIY,Y11,211,XI8,
XY12,Z12,UsX,USY,usZ
COMMON XI1,X12,211,212,1CLAG, TR1¢2,ELM,LIRK,N,XS,YS,28
COMMON WL
CO<4ON SAVE ,BINV,E ,NH,HB,H ,@
Co“ON FGQ1,FRa2,Feed
DINSHSION WRP1(3,8) ,WkP2(3,8) ,WRH (3,8
COMMON WRPL ,WRP2,WRH
DIMENSION 1SP1(8)
DIMIRSION 188(2) ,FJ(8) ,WPP1(3)
FORMAT(611D
FORMAT(EE12.8)
DO 5812 1=1,1%P
WRP1(1,1) =XS3(1)
WRP1(2,1) =YS1(D)
WRP1(3,1)=281(D)
WRP2(1,1) =x82(1)
WRP2(2,1)=Ys82(1)
WRP2(3,1) szs2()
WRH(1,1) =USX(I)
WRH(2,1) =UsY (D)
WIH(3, 1) =usS2 (1)
CONTINUE
IF(WIL1) 6675 ,6675 ,6676
witi=-wiLl
1FORCE=-1
GO TO 6877
IFORCE=D
CONTINUE
FSHT=0.
IF(I1AC) 54 ,55,54
FSHT=-FM10
CONTINUE
19=0
TRIC1=TO
TRIGC2=T¢
CALL TR™MGD (7,0)
CALL TRMCD (0,0)
CALL TRMCOD (1,0)
CALL TRMOD(2,1)
CALL TRMCD (3,00
CALL TRMOD (4,0)
CALL TRMOD (S,0)
CALL TRMCOD (8,0)
1F(1C6) 8005, 8004 ,8003
TRIG3=TCO(1)
CALL TRMOD(D,3)

JPL TECHNICAL REPORT NO
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8004

32

38

44

47
47

470

469

40

T03

6263
704

899

DIXENSION BA(3,3) TWR(3),WTL(Y) ,WT2(Y)

1CoLh=y

CORTINVE

1F (1RK)3000,31 ,32
CALL TRMCD (4,1)
LIRK=1

CONTINUE

IF (1CN) 5000,44 ,45
CALL TRMOD(1,1)
CONTINUE
IF(IFR)46,48,47
IF(IPR-D2 469,470,471
CALL TRMOD (8,1)
PYRO3=TP (3) -DEL/2.0
TP (3) =PYROI

TP(6) =TP(3) +DEL
CALL TRMOD (5,1)
PYRO2=TP (2) ~DEL/2.0
TP(2) =PYRO2

TP(S) =TP(2) +DEL
CALL TRMOD (3,1)
TRIC4=TP (1) -DEL/2.0
TP{1)=TRIG4

TP(4) =TP(1) +DEL

TEMP=XZ21
READ INPUT TAPE 5,1,TPLOT
IF (TPLOT) 703,704,703
NT2:8

REWIND NT2

PLOT=TO

CALL TRMOD (7,1)

XPT$=0.0

CALL CANERA(18,1)

CALL SET(500)

WRITE QUTPUT TAPE 38,6263, (WL(1),1=1,8)
FORMAT (40X , 8AS)

XZ21=-XY1

WRITE OQUTPUT TAPE 6,899
FORMAT (1H1)

XY1=TEMP

TEMP=221

2z1=YY1

YY1=TEMP

TEMP=XZ2

X22=~XY2

XY2=TEMP

TEMP=222

2z2=YY2

YY2=TEMP

YZi=-YZ1

Yz2=-v2e

DIMENSION CBQ(3),QAQ1(3,3,)
INERTIA MATRIX TRANSFORMED
MAXE 8=1

NAXE 821

ELKR=S7.2957798131

WTI(B)
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DIMENSION BA(3,Y) LR (3 ,WT1(3) ,WT2(3)  ,WT3(3)

TEMP=W2/ELK

WZ=-WY/ELK

WY TEMP

WX =WX/ELK

INITIAL VALUES

DOL=DEL

IMCD =0

LAMZD

L1=0

L2=0

L3=0

LX=28

SUM=FM10+FH20

FM1=FM10

FM2:=FM20

ECX= (FMIREX1+FN2HEX2) /7 SUM
ECY= (FMIREY 1 +FM4EY2) /SUM
ECZ=(FMISEZ1+FM2%EZ2) /7 SUM
YNU=0.99%)XU

IFINI=O

JRUT=0

LRYUT=0

H3¢1) s0EL

HB(2 =1.0

HB(4) =MINIF (.01 ,TPR®.D
HB(3) =HB (4)%,.08
HO(S) =1 . QE~8

HB(6) =1 .0E-@

DO 311 Kk=1,8

NH(K) =0.0

CONTINUE

NH(5) =4

DIMENSION CA(3) ,E(3,3) ,X{3)
1F(15,15) ,WL(30)

NH{1) =2¢

T8 NH(D =M
80 V1(4)=1.5707943

v1(3)=vi(4)
v1(6)=0.0
vi(7)=0.0
v1(8)=0.0
v1(9)=0.0
W1Y0=wiYO/ELK
v1(13) WX
v1{14) WX
V1(15) =Y +Wi1Y0
V1(16) =Wy
vVi(17) W2
v1(18) =W2
IPHI =4
CONST=385.7
Ji1K=1

ITER=Y

LOW=0

11LAG=0
X10=EX1-ECX

rh‘:,

81
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DIKENSION BA(3,3) JWR(3),WTE(3) ,WT2(3) NI

X20=Ex2-ECX

Y10=EY1-ECY

Y20=EY2-ECY

210=€£21-€C2

Z20=EZ2-ECZ

v1(¢1)=x10

v2(1)=x20

vVi(2=y10

v2(2)=v20

v1(3) =210

v2(3) =220

V1(10) =-WZ#V1(3) - (WY+WiYD) #V1(2)

V1(11) = (wreW1YG) %V1 (1) ~WXEVL (D)

V1(12) SWxHV1(2) +WZ*v1 (1)

V2(4) =-WZrV2(3) ~WYav2(®)

V2(5) WY 3V2(1) ~wxave(d)

VZ(6) =wX*V2(2) +w2av2(1)

DO 512 1=1,9

YOOT1 (1) =v1 (149)

YDOY1(1+9) =0.0

CONTINUE

DO 313 1=1,3

YDOT2(I) =v2(1+3)

YDOT2(1+3) =0.0

CONTINUE

1vP=0

=70

ZERO=0.0

IWT=0

SMALL=D.D001

DIMENSION €X(3) ,CZ(3 ,SAVE(68) ,CB(3) ,CC(3) ,GAMMA(S)

HLL=180.0/3.14159263
=0.0

DO 277 J=1,18

SAVE (J) =v1(J)

SAVE (J+24) =YDOT1 (J)

CONTINUE

DO 278 J=1,8

SAVE (J+61) =GA (J)

SAVE (J+54) =NM(J)

SAVE (J+48) =HB(J)

SAVE (J+18) =V2(J)

SAVE (J+42) =YDOT2(J)

CONTINUE

SAVE (61) =T

ZTEST=0.64E-07

LDER =4

twiLg=1

1XF1=0

HAP=DEL® .5

FMAS1=FM1/CONST

FMAS2=FM2/ CONST

XX10=XX1

YY10=YY3

21102221

XX20=XX2




AfAANN

DIMEHSION BA(3,3) JWR(3) ,WTL(3) ,WT2(3) ,WT3(3)

YY20=YY2
2220=222
1M1=0
1C61=0
IPN1I=0
1SP1=0
1sU1=0
188(1) =0
188(2) =0

DER1
DER2

1001 CALL GEY
3032 IF(1CD) 50,5%1,50
S0 CALL DRAG(D,DF,DD,XC31,YC1,2Ci,XC2,YC2,2C2,1®,LDER,1D1)
S1 IF (1PR) 52,%7,%2
82 CALL PYRO(PI,TP,XxP1,YP1,2Py, xXP2,YP2,2P2,UPX,UPY,UPZ ,EP,IPR)
57 1F(ICG) 58,359,358
58 CALL COLGAS(1CG,6J,FC1,FC2,FG3,UGX,URY ,UGZ,VCX,VEY,VCZ,X61,Y6E,
1261,X62,Y62,262,6S7, 7C6,LDER,1C61)
$9 IF(IPN) 60,61,60
60 CALL PNEUM(IPN,JN,PBO,VEN,GAMN, AN ,RAX,VNX,VNY ,VNZ ,JN1,YN1 ,ZNS ,XN2,
1YN2,2ZN2,XN,PPN ,EQP ,PNENM,LDER ,IPN1)
81 IF(IRK) 62,63,62
62 CALL ROCKET(IRK,R,RR,TE,TF,RUM,FUM,FM1 FX2,URX,URY ,URZ,FH10,FN20,X
1R1,YRY,ZR1,XR2,YR2,ZR2,VRX,VRY ,VRZ , SUN1-, SUN2, SUN3,SANE , SAN2, SANS,
2xx10,YY10,2210,XX20,YY20,2220,XX1,YY1,221,XX2,YY2,2Z2
&3 IF(I1SP) 66,67,66
66 CALL SPRING (WRP1 ,WRP2,WRH,SO,SK,$104,1SP,N,ICLAC,S,FJ,LDER,ISPY,
1188)
87 IF(ISU) 68,69,68
68 CALL UNIVSL(ISU,WO,UK,WICF ,W,XU1,YU1,2U1,XU2,YU2,2V2,LDER,ISU1)
69 DO 70 K=1,12
Q (K} LD (K) +EP (K) +£J (K) 4 XN (K) +R (K) +S{K) +W(K)
70 CONTINUE
Q(3) =Q(3) +FSHT
R1=R1+Q(7) ®CONST
R2=R2+Q(9) ®*CONSY
P3=P3+Q{11) xCONST
P21=P21+Q(8) *CONST
P22=P22+Q (10) *CONST
P23=P23+Q (1D #CONST
434 IF(ICLAG)74,74,75
74 CONTINUE
F(1,1)=fuy
F(2,2=M1
F(3,3) =y
F(7,7) =Fu2
F(8,8)=FN2
F(9,9) =Fu2
3034 J=18
6010 FORMAT(8E1S.3)
IN=)
DQ=(2.) %% (~28)

JPL TECHNICAL REPORT NO
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700

701

60038
6003

6004

6002
3037

702

703

78

OIMENSION BA(3,3) yWR (3)  WT1(3) WT2(3)  WTI(Y)

DO 701 1=1,3
YOOY2(1+3)=0.0

L& 3

WL(I) =Q(K-1)®CONSY
WL(146) =Q(K)*®CONST
WL(1+12) =CA(1)

CONTINUE

WL(4) =R}

WL(5) =R2

WL (6) =P3

WL(10)=P2y

WL(11) P22

WL(12) =P23

CALL SOLVE (15,F,WL,IN,DQ,10,BINV,IN3)
IF (IN3) 6003 ,6006,6002

F MATRIX IS SINGULAR
WRITE QUTPUT TAPE €,6003
FORMAT(22H1 F MATRIX IS SINGULAR)
CALL DumP
OVERFLOW IN F MATRIX INVERSION
WRITE QUTPUT TAPE 6,6004
FOTMAT(37H1 F MATRIX INVERSION DID NOT CONVERGE)
CALL DUMP

CONTINUE
DO 702 1=1,9

YOOT1(1+9) =0.0

CONTINVE
DO 703 J=1,3

=J%2

YOOT1 (K+12) =BINV (J+9)
YOOT1 (J+9) =BINV (J)

YDOT1 (K+11) =BINV (J+3)
YDOT2(J+3) =BINV(J+8)
CONTINUE

YOOT2(1) =v2(4)

YDOT2(2) =v2(8)

YOOT2(3) =v2(®)

YDOT1 (1) =vV1 (10)

YOOT1(2) =v1(1})

YDOT1(3) =v1(1®)

YDOTE (4) =V1(13)

YDOTS (5) =v1(14)

YDOT1(6) =v1(15)

YDOT1 (7} =V1(16)

YDOT1(8) =v1(17)

YDOT1 (9) =V1(18)

6O TO €007
CONST2=CONST/FM2
YDOT2(4) =@ (2) *CONST2
YDOT2(5) =Q (4) «CONST2
YDOT2(€) =Q (8) *CONST2
YDOT2(1) =v2(4)

YDOT2(2) =v2(3)

YDOT2(3) =v2(8)
D2233=pM(2,2) %DM (3,3)
D23=DM(2,3) sDM(2,3)
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DIRENSION BA(3,d) JWR (D), WTL1(3) ,WT2(D)  ,WTI3(D)

D1323=DM(1,3)%DM(2,3)
D1223=CM(1,2)2DM(2,3)
C1233=DM(1,2) %DM (3,3)
D1322=DM(1,3)%0N(2,2)
CONS1=CONST/FMT
DET=0M(1,1)%(D2233-D23) +DM(1,2)#(D1323-D1233) +DM{1,3) %(D1223-D1322
1)
IF (DET) 214,5002,214
214 YDOT1(10) =@ (1) %CONSE
YOOT1(11) =Q(3)%CONST
YDOT1(12) =Q(5) #CONS1
YOOT1(2) =V1(11)
YOOTE(3) =V1 (1)
YDOT1(1) =v1(10)
YOOT1(13) =R1% (D2233-023) +R2% (D1323-D1233) +P3% (D1223-D1322)
YDOT1(13) =YDOT1(13)/DET
YDOT2 (13) =R1x (DM (2,3)tCM(3,1) -DM(2,1) %DM (3,3))
1 +R2& (OM(1,1)4CM(3,3) -DM(1,3) %DM (1 ,3))
1 +P3x (OM(1,3)%DM(2,1) -DM(1,1) %DM (2,3))
YDOT1(15) =YDOT1(15) /DEY
YOOT1(17) =R1¥ (DN (2,1) ¥DM(3,2) -DM(2,2) %DM (3,1))
1 +R2% (DM (1,2) %DM (3,1) -DM(1,1) %DM (3,2))
1 Pk (CM(1,1)3TM (2,2 -DN(1,22 %DM (1,2))
YOOT1 (17 =YDOT1 (17) /DETY
D2233=DN(2,2) $DN(3,3)
D23=DN(2,3)%DN(2,3)
D1323=DN(1,3)%DN(2,3)
D1233=DN(1,22%DN(3,3)
D1223=DN(1,2)%DN(2,3)
D1322=DN(1,3)*DN(2,2)
DET=DN(1,1)%(C2233-D23) +OCN(1,2 %(D1323-D1233) +DN (1, 3) % (D1223-D1322
1)
1F (DET) 213,5002,213
213 CONTINUE
YDOT1 (14) =P21% (D2233-D23) +P22% (D1323-D1233) +P23% (D1223-D1322)
YDOT1(14) =YDOT1(14) /DEY
YDOT1(16) =P21%x (ON(2,3) ¥DN (3,1) -DN(2,1) *DN(3,3))
1 +P22% (DN (1,1)2ON(3,3)-DN(1,3) xDN(1,3))
1 +P23¥ (DN(1,3)5DN{2,1)-DN(1,1)sDN(2,3))
YDOT1(16) =YDOT1(16) /DET
YDOT1(18) =P21% (DN (2,1)*CN (3,2 -DN (2,2 *DN(3,1))
1 +P22% (DN (1,2)4ON(3,1)-DN(1, 1) *DN(3,2))
1 +P234 (DN (1,1) %ON (2,2 -DN(1,2 %xDN(1,2))
YDOT1(18) =YDOT1(18) /DEY
YOOT1 (4) =V1(13)
YDOT1(3) Vi (14)
YDOT1 (6) =Vv1(15)
YDOTI(T) =v1(18)
YDOT1(8) =v1 (s
YOOT1(9) =v1(18)
8007 CONTINUE
IF (LDER) 636,638,631
636 CALL ROVT (D)
631 LDER=0

3000 CALL FMARK (KIK,HB,NH,IVP,IPHI,1,1,2,2,TRIG3,3,TRI¢2,4,TRICE,
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nNANANANANNANN

1003

7337

7338

7334

7333

1004

8010
8006

8007

6318
6519
€521

3232

DIKENSION BA(3,)) JWR(3) ,WTL(Y) ,WT2(3) WD)

15,TR1G4,6,TROC,7,FYRO2,8,PYROY,9,PLOT,0)
¢O TO (1001,10D4,1003,1002,1005,1506,1007,1008,1009,5050) ,KIK

DER2 STARYS AT 1004

FRINT-QUT STARTS AT 1002
PIN-PULLER CCNSTRAINT OFF AT 1003
EOS ALD COLD GAS JET AT 1004
PYROTECHNIC TRIGGER STARTS AT 1005
SECOD PYROTEGHNIC AT 1007

THIRD PYROTECHNIC AT 1008

ROCKET TRICGER AT 1006

PLOT TRIGGER AT 1009

CALL TRMOD (1,00
IF(N-2)T337,7334,7304
ICLAG=Y

FORMAT (3THOPIN-PULLER CONSTRAINT OFF 7=,E15.7)
WRITE QUTPUT TAPE 6,T733a,T
¢0 TO 1001

ICLAG=-}

WRITE QUTPUT TAPE 6,7333,7
FCRMAT(SCHOPIN-PULLER CONSTRAINT OFF SPRING CONSTRAINT ON T=
1E15.7)

O TO 1001

IF(T-TCO(ICOLD)) 200,8010,200
IF(ICOLD~1C6) 8006 ,8007,8008
1COLD=1COLD+1
TRI¢3=TCO(ICOLD)

LDER=1

0 TO 1001

CALL TRMCD (0,0)

TOO(ICE) =-3.

LOER =1

QO TO 1001

THETA TESY

IF(LDER) 6518,6319,6519
LDER=1
IF(ISS(1)+1S8(2)6521,6522,652%
DO 3232 1=1,2

CT=COSF (V1(1+3))
ST=SINF(VI(I¢3))
CP=QOSF (V1 (1+5))

SP=SINF (V1(1+5))

CS=COSF (V1 (1+T))

SS=SINF (Vi (1+T))
Al1,1,1)=~CT*SPxSS+CP2CS
A(1,2,1) =CTeCPESS+SPRCS
A(1,3,1) =sTess

A(2,3,1) 2~CTSP&CS-CP%3S
A(2,2,1) =CTeCPRCS-SP%3S
A(2,3,1)=8TeC8
A(3,1,1)=8Ts8P
A(3,2,1)=-8TeCP
A(3,3,1)=CTY

0O 8323 J=1,2
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DIMENSION BA(3,3) WR3) WTL(3) WT2(3)  WTI(D)

1=188(9)
1F(1) €524 ,652),6524

€524 CONTINUE
CALL MULT2 (B,A,BA,3,3,3)
WR(1) =ve (1) =V2(1)
WR(2) =Vl () ~V2(2)
WR(3) =V (3 -v2(3)
CALL BULTE (A,%®P1(1,D) ,WT1,3,3,1)
CALL KULT1 (B,WRP2(1,1),WT2,3,3,1)
CALL MSUB (WT1,WT2,WT3,3,1)
CALL MADD (WT3,WR,WT1,3,1)
CALL MSR (A,WT1,WT2(1),2
CALL MSC (BA ,WRH(1,1),WT2(2),2
Fa(1) =wT2(1) /WT2(D
CALL KSCAL(FJ(I) ,WRH(1,1) ,WT1)
CALL KADD (WT1,WRP2(1,1),WT:,3,1)
CALL MULTI(BA,WT1,WT2,3,3,1)
CALL MULTS(A,WR,WT1,3,3,1)
CALL MSUB(WT2,WT1,WPP1,3,1)
CALL SWITCH(WRP1,WRP2,WRH,S0,SK,$I10R,J,1,D
1sS(9) =0
DO €528 K=1,3

6525 WRP1(K,J) =WPP1 (K}
CALL MSR(B,WR,WT1,1)
CALL MSR(BA,WRP1(1,J) ,WT1(2) ,1)

6523 CONTINUE

6522 CONTINUE
ITHETA=O
™=T1
THOOT=T1T
PH=P1
POOT=P1P
s1=:1
sDOT=818

234 LPHIZO
PHS1 PN
DOT=PDOT

235 IF (DOY) 236,260,260

264 PHSI=PHSI+6.2831853
LDER=1

236 IF (PHSI) 264,256,256

258 PHSI=PHSI-6.2831853
LDER=1

260 IF (PHSI-6.2831853) 256,236,258

256 IF(LPHI) 261,257,261

257 LPHIz1
PH=PHSI
PHSI=SI
DOT=SDOT
O TO 238

261 LPHI=D
S1=PNS]
IF (THOOT) 259,263,263

259 1F (TH-D.1) 237,413,413

263 IF (TH-3.04) 413,413,237

237 IF (I1THETA) 240,239,240
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241

244

S14

246

88

DIMENSION BA(3,3) SR (I GWTIY) ,WT2(D)
00 241 I=1,1CD
TEKP=YC1 (1)
YC1 (D =-2C1(1)
ZCL (1) =TEMP
CONTINUE
TEMP=XYY
XYi=X21
XZ1=-TENP
TEMP=YYS
Yvi=z21
ZZ1=TENP
YZ1s-Y21

DO 242 1=1,1PR
TEMP=YPY (1)
YP1(1)=-2P1 (D)
ZPL (1) =TENP
CONTINUE
TEMP=YY1D
YY10=2210
2Z10=TENP

DO 243 1=1,1C6
TEMP=UCZ (1)
UGZ (1) ==UeY ()
UCY (1) =TENP
TEMP=YGCL (1)
Y61 (I)=-261(1)
261 (1) =TEMP
CONTINUE

DO 244 1=1,IPN
TEMP=YN2 (I)
YN1 (1) ==2N3 (D)
INICL) =TEWP
CONTINUE

DO 245 1=1,IRK
TEMP=URZ (1)
URZ (1) =-URY(I)
URY (1) =TEMP
TEMP=YR1(I)
YR1(D) =-2ZR& (1)
ZR1 (1) =TENP
CONTINUE

DO S14 1=1,IACHK
TEMP=UAZ (1)
UAZ (1) =-UAY (D)
UAY (I) =TEWP
TEMP=UPAZ (1)
UPAZ (1) =~UPAY(])
UPAY (1) =TENP
CONTINUE

DO 248 1=1,10P
TEMP=YS1(1)
Y83(1)=-281(1)
281 (1) =TENP
CONTINUE

DO 247 1I=31,18
TEMP=YUL (1)

T3



247

460
461
435
456
437

458

JPL TECHNICAL REPORT NO. 32-912

DIMENSION BA(3,3) WWR(3) ,WT1(3) ,WT2(3) ,WTH(Y

YUl () =-2V1 (1)

UL (1) STEMP

CONTINUE

TEMP=Y1S

YIi=-211

Z14=TENP

WRITE QUTPUT TAPE 6,449
MAXE S=MAXE Se1
IF(MAXES-4) 463,461,460
MAXE 8=1

GO TO (455 ,456,457,438) ,MAXES
WRITE QUTPUT TAPE 6,451
O TO 248

WRITE QUTPUT TAPE 6,452
¢O TO 8

WRITE QUTPUT TAPE 6,483
¢O TO 248

WRITE QUTPUT TAPE 6,434
¢O TO 8

DO 249 1=1,10D
TEMP=YC2(1)

YC2(I) =-2C2(1)

ZC2(1) =TENP

CONTINVE

TEXP=XYR

xy2=xz2

XZ2=-TENP

TEMP=YY2

yve=zz2

2z2=TEWP

YZ2=-Y22

TEMP=YY2D

YY20=2Z20

2220=TEMP

DO 250 1=1,IPR
TEMP=UPZ (1)

UPZ (1) =-UPY (1)

UPY (1) =TEMP

TEMP=YP2(1)
YP2(1)=-2P2(1)

ZP2(1) =TEMNP

CONTINUE

DO 251 I=1,1C6
TEMP=VCZ (D)

VeZ (1) =-veY (1)

VeY (1) =TEMP

TEMP=YC2(1)
Ye2(1)=-262(1)

Ze2(1) =TEMP

CONTINUE

DO 282 I=%1,IPN
TEMP=YNZ (1)

VNZ {1)=-VYNY (1)

VNY (1) =TENP

TEMP=YN2(])
YN2(1)=-ZN2(])
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a3

818

483
462

248

850

852

268
263
28¢

90

OIMENSION BA(3,) WWR (3} ,WT1(3) ,WT2(3)
INZ2(T) =TENP

CONTINUE

DO 253 I=1,IRK
TEXPVRZ (1)

VRZ (1) =~VRY(I)

VRY(I) =TENRP
TEXP=YR2(I)

YR2(1) =-ZR2(1)

ZR2(1) =TEMP

CONTINUE

DO 254 1=1,18P
TENP=USZ (1)

us2 (1) =-ysy(I)

USY (1) =TENP
TEXP=YS2(1)

Ysa2(1) =-2s2(1)

282(1) =TEMP

CONTINVE

J=IACLet

DO 518 1=J,1AC2
TEMP=VAZ (1)

VAZ (1) ==VAY(])

VAY (1) =TEMP
TEXP=VPAZ (1)

VPAZ (1) =-VPAY(])
VPAY (1) =TEWP

CONTINUE

DO 235 I=1,IwW
TEMP=YVU2(])

yua(I) =-zva(l)

Zu2(1) =TENP

CONTINVE

TEMP=YL2

Yi2=-212

Z12=TENP

NAXE SSNAXE 8+1

IF (NAXES-4) 462,462,463
NAXE 8=1

WRITE QUTPUT TAPE 6,450
GO TO (455,4586,457,458) ,NAXES
TCMP=SINF (TH) ®COSF (S1)
1F (TExP) 850,651,850
TNEW=1.57079633

O TO 832

CONTINUE

MTI(Y)

THEW=ATANF (  ABSF ((SQRTF (1.0~ TEMP¥%2) ) / TEMP) )

PREW=ATANF ( ABSF (TANF (S1) /COSF (TH)) )
SNEW=ATANF ( ABSF(TANF (TH) #SINF (81)) )
IF (COSF(SI)) 265,267,288
TNEW=1.57079633

€0 1O 283

TNEW=3,14159265 - TNEW

IF (COSF(TH)) 269,266,266

L=

ANGLE =81

€0 TO 270



JPL TECHNICAL REPORT NO. 32-912

DIMENSION BA(3,3) (SR (D) WTL(D) ,WT2(3) ,WT3(I)

269 L=1
ANGLE=6,2831853~81
270 IF (AMCLE-3.14159265) 273,262,262
271 IF (ANGLE-1.57079633) 430,430,431
430 k=1
GO TO 432
431 k=2
432 O TO (433,434),L
262 IF (ANGLE-4.712388981) 437,437,438
437 K=}
SO TO 432
438 K=4
¢O TO 432
433 GO TO (439,440,441,442) ,K
440 PNEW=3.14159265-PNEW
cO TO 439
441 PNEW=3,14159265+PNEW
GO TO 439
442 PREW=6,2831853-PNEW
439 PH=PNEW
IF (SINF(SI)) 443,444,444
443 L=2
ANGLE=TH
6O 70 270
444 L=2
ANGLE=6,.2831853-TH
¢ TO 27u
434 GO TO (445,446,447,448) K
446 SNEW=3.14159265- SNEW
GO TO 448
447 SNEW=3.14159265+SNEW
GO TO 445
448 SNEW=6.2831853-SNEW
445 SI=SNEW
TH=TNEW
WRITE QUTPUT TAPE 6,8000,TH,ITHETA
8000 FORMAT{iN ,E15.7,1€)
LDER=1
413 IF (ITHETA) 272,273,272
273 Ti1=TH
TH=T2
81:=81
Pi=Py
POOT=P2P
SDOT=828
PH=P2
THOOT=T2Y
s]=82
ITHE TA=]
GO TO 234
THETA MCDIFIED RETURN TO FMARK
272 TRIG3I=TRIGI+DEL
T2=TH
$2:=81
P2=Py
449 FORMAT(140,284BODY 1-FIXED AXES X Y 2)
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450
451
452
433
454

317

318

426

425

L Y44

S423

noanNn

1003
424

3001

632

423

413

633

34

600
601

420
602

32-912

DIMENSION BA(3,d) LWR (3D WTL(3) ,WT2(3)  ,WT3(D)

FORMAT(1HO,28HEOOY 2-FIXED AXES X
FORMAT(1H ,28=CRAWING BOARD AXES X
FORKAT(IN ,235DRAWING BOARD AXES X -
FORMAT(IN ,26=DRAWING BOARD AXES X -
FORMAT(IH ,28HDRAWING BOARD AXES X
DO 317 Jy=1,6

SAVE (J+18) =v2(J)

SAVE (J+42) =YDOT2(J)

CONTINUE

DO 318 J=1,18

SAVE (J) =vi(J)

SAVE (J+24) =YDOT1 ()

CONTINUE

SAVE (81) =T

ZERO=0.0

IF (IMCD) 425,426,425

IF(LDER) 5425,403,3425

DO 427 J=1,8

NH(J) =SAVE (J+54)

HB(J) =SAVE (J+48)

CONTINVE

CONTINUE

INCD=0

LDER=1

6O TO 100t

<N <N <
'

N <A<N<N

- -

PYROTECHNIC TRIGGER

IF(IKUT) 423,424,423
TRICA=TRICG4+DEL
TP(1)=T

TP(4)=TRICG4

IKUT=1

IPHI=2

HB(1) =DEL%.2

LDER=1

6O TO 1001

CALL TRMOD(3,0)
1VUT=0

JPHIz4

IF(TP(2) €33,600,833
TP(4)=0.0

DEP=TP(2)

IF (TRIG4-DEP) 602,634,834
JPHI=2

6O TO 6u2

FORCE CEASES TO ACT - - - SET INDEX = ZERO
IPR=0

HB(1) =DEL

DO 420 J=1,12
EP(J)=0.0

CONTINUE

IPHI=JIPN]

O TO 832

28D PYROTECHNIC TRIGGER



nNAN

nnnNn

NnNA

1007
466

465

638

1008

468

467

1006

428

429

1009

4050

DIMENSION BA(3,3) WWR3),WTL(3) ,WT2(3) ,WT3(I)

IF (JKUTY 463,466,463
PYRO2=FYRO2+DEL

() =1

TP(5) =PYRO2

JRYT=1

¢O 7O 3001

CALL TRMCD (3,00
JPHI=4

IF (TP(3)) 635,600,633
TP(5)=0.0

DEP=TP(3)

IF (FYRO2-DEP) 602,634,634

3RD PYROTECHNIC TRIGGER

IF (LKUT) 467,468,467
PYRO3I=PYROS+DEL

TP(3) =7

TP(6) =PYROS

LRUT=4

<0 TO 3001

CALL TRMCD (6,0)
JPHI=4

GO TO 800

ROCKET TRIGGER

I=IRK+IRK

IF (TROC-TRK (1)) 428,429,429
LIRK=LIRK+1

TROC=TRK (LIRK)

LDER=1

¢O TO 1001

CALL TRMOD (4,0)

IRK=0

LDER=4

60O TO 1001

PLOT TRIGGER

DO 4050 K=1,3

J=2%K

WL(K) =v1(J+2 HLL

WL(K+3) =v1(J+3) #MLL

WL(K+G) =Vl (J+21)%HLL

WL(K+9) =V1(J+12) ¥HLL

WL(K+12) =YDOT1(J+11) &HLL

WL(K+15) =YDOT1(J+12) #HLL

CONTINUE

WRITE TAPE NT2,V1(1),V1(2),V1(3),v2(1),v2(2),va2(3),

1 v1(10),Vi(11) ,V1(1D ,V2(4) ,V2(5),V2(6),YDOTL(1D),
1 YDOT1(11),YDOT1(32) ,YDOT2(4) ,YDOT2(S) ,YDOT2(®) ,
1 (WL(K) ,K=1,18)

PLOT=PLOT+TPLOY
XPT8=XPT8¢4.0

JPL TECHNICAL REPORT NO. 32-912
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DIKENSION BA(3,3)  ,WR(3),WT1(3),WT2(3) ,WT3 (D

TEND=T
CALL ROUT(D)
5050 CALL ERR(DEL,TFR,TP,T¢,TA,TB,TC,TD,TRIG1,TRIC2, TRICS,
1 TR1c4,TROC,PYRO2,PYRO3,PLOT )
(4
4 PRINT ROUTINE
4
1002 TRIG1=TRIGCI+TPR
CALL STEP (DELP)
WRITE QUTPUT TAPE €,300,7,DELP
300 FORMAT(1HO,//84 TIME = E15.7,1X,7RSECONDS,5X,10HSTEP SIZE=€15.7/)
P=x1
y=v1
2=21
OOT=X1X
YDOT=Y1Y
00T=212
TH=T1
PH=PY
s1=81
DOT=T1Y
SDOT=318
POOT=P1P
J=1
301 CA(1) =PDOTHSINF (TH)
CA(2) =SINF (8D)
CA(3) =COSF(SI)
CB(1) =(CA(1)%CA(2) +TDOTHCA(3) ) SELK
CB(2) =~ (PDOT*COSF (TH) +SDOT) *ELK
CB(3) = (CA(1)%CA(3) ~TDOTRCA( D ) #ELK
WPY=CB(1)%CB(1) +CB(2) *CB(2)
W1 =SRRTF (WPY+CB(3) #CB(3))
WPY=SQRTF (WPY)
< CONVERT RADIANS TO DEGREES
TH=THEELK
PH=PHIELK
SI=SIsELK
TDOT=TDOTHELK
SDOT=SDOTHELK
PDOT=PDOTHELK
V=SQR TF (XDOTI XDOT +YDOT*YDOT+ ZDOTHZDOT)
CA(1) =CA (1) 2ELK
CA(D) =CA (D *ELK
CA(3) =CA (3) %ELK
WRITE QUTPUT TAPE 6,302,
302 FORMAT(1H , SHBCDY 1%)
WRITE QUTPUT TAPE 6,352,V
352 FORMAT(IN ,14HSPEED OF M = E15.7, TH IN/%EC)
WRI1TE QUTPUT TAPE 6,303,W1,WPY
303 FORMAT(1H ,31HRATE ABOUT INSTANTANEOUS AXIS:= E15.7,1X,THOEC/%C,
1 TX,41KMACNITUDE VECTOR SUM OF PITCH-YAW RATES= E15.7 )
WRITE OUTPUT TAPE 6,304
304 FORMAT(1MO,22HINERTIAL COORDS-INCHES,3X,19H18T DERIVATIVE /%C,
16X,20HEULER ANGLES-DEGREES,5X,19H18T DERIVATIVE /¥EC ,8X,
14X, $CHRATE ABOUT/102X,17THBODY AXES DEG/SEC)
WRITE OUTPUT TAPE 6,305,P,XDOT,TM,TDOT,CB(1),Y,YDOT,PH,PDOT,CB(D),
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DIMENSION BA(3,3) JWR (3) WIS ,WT2(3)  ,WT3(Y)

1 Z,ZDOT,$1,SDOT,CB(Y)
305 FORMAT(IN ,1HX,4X,E15.7,5X,1HX,4X,E15.7,5X,5HTHETA ,E15.7 ,5X,SHTHEY
1A,E18.7,5%,1HX,4X,E15.,7/

11X, 1HY ,4X,E15.7,5X,1HY ,4X,E15.7,5X,5HPHI  ,E15.7 ,5X,5HPHI]
1 ,E15.7,5%,1HY,4X,E15.7/
11X, 1HZ ,4X,E35.7,5X,1H2 ,4X ,E158.,7,5X,5HPS]  ,E15.7,5X,5nPS]

1 ,E15.7,5X,1H2,4X,E15.7 )
IF (J-1) 306,307,308
307 TH=T2
PH=PR
s1=82
TOOT=T2T
POOT=P2P
SDOT=828
P=x2
Y=y2
=72
XDOT=X2X
YDOT=Y2Y
00T=222
=2
0 TO 301
306 DO 350 J=1,6
NH(J) =SAVE (J+34)
HB(J) =SAVE (Je40)
350 CONTINUE
CA(1) =SARTF((X1-XD % (X1-XD +(Y1-Y2) % (YI-YD) + (21-2D *(Z21-22))
CA(2) =SARTF ((X1X=-X2X) % (X1X-X2X) + (Y1Y-Y2Y) % (YiY-Y2Y) +(212-222)%
1 (Z12-222))
WRITE QUTPUT TAPE 6,353,CA(1) ,CA(D
383 FORMAT(1HD,22HSZPARATION DISTANCE = E15.7, 3H IN ,20X,
1 22HSEPARATION VELOCITY = E15.7, TH IN/SEC )
IF (1CLAG) 6663 ,6663,6662
6663 WRITE CUTPUT TAFE €,6561,FQQ1,Fad2,FeQ3
6661 FOFMAT(IHO,17HCONSTRAINT VALUES,3E16.7)
10171 FORMAT(1X,1P13X10.%/)
6662 CONTIME
1F (IKY) 6670,8001 ,6670
6670 WRITE OUTPUT TAPE 6,6671, ((A(1,J4,1),351,3),(B(1,d),J=1,9),1=1,3)
6671 FCRMAT(IHO, 22X, 24A1 , 48X, 2HA2/ (3E15.6,5X,3E15.8))
8001 CONTINUE
SUN=0.0
DO 232 K=1,12
SUNZ=SUN+ABSF (Q(K))
232 CONTINUE
IF (1FORCE) 6678,405 ,6678
6678 IF (UN)404,404,6680
6680 IFORCE=1
O TO 403
404 IF (IFORCE)4DS 405,708
408 IF(WIL1-T) 706,6501,650%
6501 CONTINUE
403 CALL ROUT(D)
706 IF (TPLOT TO7,708,707
707 YDOTL (12 =TEND
YDOT1(11) =XPTS
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DINENSION BA(3,Y) YRR (D), WTLL3) ,WT2(D)  ,WTI(D)

YDOT1 (13) =TPLOT
CALL CHAIN(S,®)
TO8 CALL CHAIN(1,3)
c
c ERROR
50C0 WRITE QUTPUT TAPE §6,5001
5001 FORMAT(1MO,16KERROR INPUT DATA }
4000 CALL EXIT
<
5002 WRITE OQUTPUT TAPE 6,5003
S003 FORMAT(iN ,SHOELYA = 0,5X,48HSEE EQUATION 241,SECTION VII-EQUATION
18 OF MOTION )
CALL Duwp
m“ IDIDQO'OIOD‘ 'oloiliolniulnlm
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SUBROUTINKE SEY

SUBROUTINE GET

EGUIVALENCE (T,T},{(ZERO,ZERO),

1 (X1,V1(1)),(Y1,VI(2)) ,(21,V1(3)),(T1,V1(4)),(T2,Vi(5))}
1,(P1,VI(6)),(P2,Y1(7)),(S1,V1(8)),(S2,V1(9)),(X1X,VE(10)) ,(YLY,V1{
111)) ,(21Z2,V1(12)) ,(TIT,V1(13)) ,(T2T,V1(14)), (P1P,V1(15)) ,(F2P,VI (4
16)) ,(S15,V1(17)),(S25,V1(18)),(X2,v2(1)),(Y2,v2(D)),(Z2,v2(M),
1(X2X,V2(4)) ,(Y2Y,V2(5)) ,(222,v2(6))

COMKON T,2ERO,V1,V2,YDOT1,YDOTR

CORMON A ,AD

DIMERSION YDOT2(6) ,YDOT1(18) ,V2(8) ,V1(18) ,NH(6) ,HB(6)

DIMINSION DM(3,3) ,DN(3,3)

COMMON WILY,TCO

DINKZNSION TCG(8) ,TCO(B)

DIKENSION FM(3,4) ,FEL(3) ,AONST{3) ,CH(3,3) ,DUD(3)

DIKENSICON DD(12) ,DF (8),D(8) ,XC1(8) ,YC1(8) ,2C1(8) ,XC2(8),YC2(B),
12C2(8)

DIMINSION EP(12) ,PI(3),TP(6) ,XP1(3) ,YP1(3),ZP1(3) ,XP2(D,YP2(M),
1ZP2(3) ,UPX(3) ,UPY (3) ,UPZ(3)

DIMENSION 6(12 ,GA(6) ,PA(E) ,VA(6) ,PAD (6} ,VAD (6) ,SCX(6) ,S6Y(S),
1SCZ(6) ,UAX(3) ,UAY (3) ,UAZ(3) ,UPAX(3) ,UPAY (3) ,UPAZ(3) ,VAX(3) ,VAY(3)
1,VAZ(3) ,YPAX (D) ,VPAY(3) ,VPAZ(3)

1,66(6)

DIMENSION BINY(15)

DINENSION W(12)

DIMENSION €J(12),FG1(8) ,FG2(8),Xc1 (8),Y61(8),2C1(8) ,XC2(8),
1Y62(8) ,Z62(8) ,UEX(8) ,UGY (B} ,UGZ(8) ,VGX(8) ,VGY(8) ,VGZ(8)

DIMENSION XN(12) ,AN(8) ,RAX(8) ,FPN(B) ,VNX(8) ,VNY(8) ,VNZ(B) ,XN1(®) ,
1YN1(8) ,ZN1(8) ,XN2(8) ,TK2(8) ,ZN2(8) ,PNEM (8) ,EQP(8)

DIMERSION R(12) ,RR(16) ,XR1(16),YR1(16) ,ZR1(16) ,XR2(16) ,YR2(16) ,
1ZR2(16) ,URX(16) ,URY (16) ,URZ(16) ,VRX(16) ,VRY (16} ,VRZ (16) ,TE(16) ,
11F(16) ,TRK(32)

DIKENSION SIOR(12)

DIMENSION $({12),XS1(8) ,YS1(8),ZS1(8) (X52(8) ,YS2(8),252(8) ,USX(8),
1 USY (&) ,USZ(8) ,SO(8),SK(8)

DIKCHSION W(1D ,W3(8) ,UK(8) ,XU1(8) ,YU1(8),ZU1(8) ,Xxy2(8),YU2(®),

1 V2

DIMERSION Q(12)

COMMON XX1,XY1,X21,YY1,YZ4,271,XX2,XY2,X22,YY2,Y22,222,
1FM10,FN20,0EL, TPR, TO,EXY ,EY1,E21,EX2,EY2,E22,WX,WY W2,
2W1Y0,1CD ,1PR, IAC, INY, ICC 1PN, IRK ISP, ISU,ICN

COMMON DF,D,XC,YC ,2¢,XCt,XC2,YC1,YC2,2C1,2C2

COMMIN P11, TP,UX,UV,UZ,XP,YP,2P,UPX,UPY ,UPZ , XP1 ,XP2,YPY ,YP2,
12P1,ZP2

COMMON TA,TB,TC,TD,1ACS,TAC2,MAC,NAC,IGLAG,CA,PA,VA,PAD,
1VAD, SSX, SCY , 562 ,UX,UY 4UZ ,PUX,PUY , PUZ ,VAX,VFAX,VAY,
2VPAY ,VAZ,VPAZ ,UAX,UPAX ,UAY ,UPAY ,UAZ ,UPAZ ,G6

COMMON HO MK ,HE TA ,PPH ,DHS, AH,PHBO,VHB ,CAMH , JH ,DEQP ,HYDA,
1MYDB,KYDC,HETA ,DA ,KYDD ,HYDE ,DB

COXMON 6J,6ST,FC3,1JLAG ,MAXES,NAXES,FG1 ,FG2,TCO, TCE,
1UX,UY,UZ,X6,Y6,26,X61 ,XG2,Y61,Y62,261,262,VEX,V6Y,
2V6Z UGX,UtY U2

COMMON XK , JN,PBO, VBN ,CAMN AN ,RAX , PPN, JOXN , YN , N, VNX , VNY ,
1VNZ , XN1,XN2,YN1 ,YN2,2ZNt ,ZN2,EQP PPN, PNEN

COKMON R, VRX,YRY,VRZ,URX,URY,UKZ,TE, TF, TROC,SUNL,
1SUN2,SUN3, SAN1, SAN2,SAN3,XX10,YY10,2210,XX20,YY20,2220,
2FMD1 ,FMD2,RR,XR ,YR,ZR ,XR1,XR2 ,YR1,YR2,2R1,ZR2,RUM,PUN,
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o8

()

SUBROUTINE ¢ETY

3TRK
COMNON S10Q

CCHMON §,SETA,XMU ,EPSLN,DELTS, X8 ,XS2,Y81,Y82,281,282,

130,8K

CONKON W,ETA,WO,UK,XU,YV,2V,XU1,XU2,Y UL ,YU2,2V1,2V2,TC

DIKINSION W04 (8)
COMMON WIOR

CORON DM,DN,R%,R2,P3,P21,P22,P23,2TEST,F,CA,X11,Y11,218,XI2,

xyie,z12,us8x,Usy,usz

COMMON x11,X12,211,Z212,ICLAG, TR1G2,ELM,LIRK ,N;XS,Y8,28

COMMON WL
COXMHON SAVE ,BINV,E,NH,HB,H ,Q
COXKON FQQ1,FOQ2,FQQd

DIKTNSION SAVE(68) ,E(3,3),CA(3),F(15,15) ,WL{3D)

DIMENSION WR(3) ,WRD(3)

WWAP(3,3,8),

1MAFP(3,3,6) ,WTP(3,3,6) ,WIPP(3,3,6) WD (3,2 ,W (3,2 ,W (2 ,WiP(12,2)

2,WiD(2) ,WIPP(12,2),A(3,3,2) ,AD(3,3,2) ,WRP(3,6)

DIKENSION WTE(3) ,WT2(3) ,WT3(3,3),WT4(3,3) ,WTS(6) ,WT6(12) ,WI7(1D),

1IWT8 (22

DIKENSION TEE(3,3) .RIL(3) ,RIK(3) ,WTD(3,%

DIMENSION SHT(12)

DINENSION GED(2)

DIKENSION WRP1(3,8) ,WRP2(3,3) ,WRH(3,8)
CONMON WRP1L ,WRP2,WRH
DIMENSION WRPQ(3,d

DO 63 1=1,18

DO 63 J=1,15

F(l1,J)=0.0

CONTINUE

DO 38 1=1,3

SHT (1) =V1 (1+9)

SHT(1+6) =V2(1+3)

J=2 %1

SHT(1+3) =V1{J+1}1)

SHT(1+9) =V1(J+1 D

CONTINUE

IMN=0

ST=SINF(T1)

CT=COSF(T1)

CP=COSF (P1)

SP=SINF (P4}

CS=COSF (81)

8$S=SINF (31)

IF (ABSF(C -2TEST) 50,550,531
€7=0.0

IF (ABSF(ST)-2ZTEST) S$2,32,33
$7=0.0

IF (ABSF(CP)~ZTEST) 54,534,358
CP=0.0

1F (ABSF(SP)-2TEST) 56,58,57
8P=0.0

IF (ABSF(CS)-27TEST) 58,58,359
€8$=0.0

IF (ABSF(38)-2TEST) €0,680,61
88:0.,0

CONTINUE
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SUBROUTINE GET

CISP=CT&SP
CICP=CTHCP
CTSS=CTH8S
CTCS=CT*C8
CPCS=CP%(CS
SPCS=SFRCS
8TSS=§T#8S8
CP38=CP&SS
SPSS=SP#S8S
STCS=5T%CS
CSPSS=CTXSPSS
CCPSS=CTHCPSS
CSPCS=CT*SPCS
CCPCSSCTRCPCS
STSP=3 TSP
STCP=ST*CP

CT2=CT*CY

ST2=8T*ST

C52=CS*xC8

$82=55%88

CSS=CS%SS

STCY=8ST*CT

CT2=CTeCY

o =C82-882

THD=V (IM+13)

PHD=V1 (IN+13)

PSD=VL(IN¢IT)

IN2=IMe1

A(1,1,IM2) =-CSFSS+CPCS

A(1,2,IM2) =CCPSS+SPCS

A(1,3,1M2) =ST8S

A(2,1,IK2) =~CSPCS-CPSS

A(2,2,1M2) =CCPCS-SPSS

A{2,3,IM2)=SICS

A(spi 71“2) =STSP

A(S.Z.XNE) =-8TCP

A(3,3,I8D =CY

AD(1,1,IM2) SSTHSBSHATHO - (CCPSS+SPCS) APHD - (CSPCS+CPSS) P D
AD(1,2,IM2) =-ST&CF &5 THD~ (CSP$S~CPCS) #PHD+ (CCPCS-SPSS) %P SD
AD(1,3,IN2) SCT2SSHTHO+3TCHPED

AD(2,1,IK2) =STHS2C3% THD- (CCPC8~-SPSS) #PHD + (CSPSS-CPCS) »P 3D
AD(2,2,IM2) ==-STXCPCSaTHD - (CSPCS+CPSS) 2xPHD- (CCPS S+ SPCS) &P SD
AD(2,3,I%2) =CTCSETHD~-STSSHP D

AD(3,1,IM2) =CTHSPETHD + STCPRPHD

AD(3,2,IM2) =-CTCPATHD+STSPPHD

AD(3,3,1M2) =-STXTHD

1IF (IM) 47,48,47

FCRM DM MATRIX AND P1,P2,P3 FOR BCODY &
48 DIFI=(XX1-YY1)#CSS

DM(1,1) =XX1#CS2-2.08XY12CIS+YY 14882

TER=XX18882+2.C%XY18C8S+YY1#CS82

DIFM=X21#CS-Y21%83

DIFP=XZ1388+Y213C8

DIFT=D1FP28Y
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100

C
C
<

SUBROUTINE CET

CO2:CO1%XY1

CH(1,2) =(CIFI+CO) #ST+DIFNRCT

CM{1,3) =C1FM

Er(3,1)=DKH(1,)

CN(2,1) 304(1,2)

DH(E,2) SST2HTER+ 2. 0ADIFTACT+ZZ30CTR

CH(2,3) =STROIFF+Z21%CY

DM(3,2) =DM (2,3)

DM(3,3) =221

R1=ST#PIFESISH(4 . 0eCSEAXY T~ (XX1-YY1)HCOL-221) +2. 0% T1 T#S18%(DIF1+
1C02)

1 +SISASISADIFP+PIFsPIPRSTCTR(TER-2Z1) +P1P#PIPE (CT2-8T2)XDIFP
142, %PIPRS1CRCT* (X21455+Y21%C8)

R2=-2,04P1Pa (TITHSTCTH# (TER-2Z1) +S15%ST26 (DIF1+CO2) ¢TI TH (CT2-8TD) &
1 DIFP+SISHSTCTRDITH) -TIT® (TI1TACTR(DIFI+CO2) +S184STH((XX1-YY1)#
1 CO1-4.04XY1%CSS) ~TITHSTHOIFM) SIS (S1 ¥ STHROIFN-TI T#STHZ21)

P3=~2.0¢P1F# (TI TRCTHD IFP) +PLPRSTH (COLR ( (XX1-YY1) &T1T
1 +XY13PIPAST) « TITHZZ1) +DIF 1% (P{PEPIPAST2-TITHTLY)

1 <4 . C¥XYISTITEPIPESTHCSS+DIFKLPIFRP1PASTCT-COKTITHTIT

G TO 41

FCRN DN MATRIX AND P21,P22,P23 FOR BODY2

47 DIFI=(XX2-YY2) %C8S

TERSXX2#:052+2,04XY2RC8S+YY24CS2
DIFP=XZ2+55+Y22%CS
DIFM=XZ 2% CS-YZ2%SS
DIFT=DIFP&SY

CO2=CO1XY2
CN(1,1) SXX20(S2~2.0%XY 2HCS+ YV 2K882
DN(1,2) =(CIF1+CO2) #ST+D1FM%RCY
ON(1,3) =DIFM
DN(2,1) =DN(1,2)

DN(2,2 =ST4 TER+2. XD IFTRCT4ZT2kCTR
DN(2,3) =STRDIFP+2Z2%CT
DN(3,1) =DN(1,3)

DN(3, 2 =DN(2,D)

DN(3,3) =222

P21=STHPIPRS25% (4 .ORCSSKXY 2- (XX2-YT2) %k CO1-Z22) +2.04 T2THS2S% (DIFI+
1002)

1 +S284 52D IFP+P 2P PR STCTHR (TER~22D +P2F#P 2P (CT2-STD *DIFP
142. %P PR CDSHCTH (XT DESS+YZ A CS)

P22=~2 . C4EZFR(TCTASTCTR(TER-ZZ2) + 8253 ST2R (DIFI +COD + T2TH (CT2-8TD) »
1 DIFP+S25tSTCTEDIFK) ~T2T# (T2THCTx (DIFI4C02) 42254 ST ( (XX2-YYD) %
1 CO1~4.CHXYZHCEE) ~T2T# STHROIFK) ~S25% (5204 STYDIFM~-T2THSTH22D

P23=-2.04PZF % (T2THCTEDIFP) +PSES TR (CO1 X ((XX2-YY2) %T2T
1 +XY22F CF#ST) +T2T4222) +DIF 1% (PRPRFPZFHST2-T2THT2Y)

1 -4, CeXYNT2TF P STHCESDIFNZF PP PR STCT-COMT2THTET

41 IF{ICLAG 101,101,104

CONSTRUCT R PARTIAL MATRIX

101 DO 1 I=1,3

DO 1 J=3,8

WRP(1,J) =0,
1 CONTINUE

po12 1=1,3



12

43
105
108

102

SUGKOUTINE 6ET

WaP(1,1) =y,

WP (l,143) 21,

CONTINUE

1K1 =IM%3+1

SISPSS=STSSRSP

WAP(1,1,IK3)=STSPSS

WAP(1,2,IM1) =~CPSSHST

WAP(1,3,141}=CTSS

WAP(2,1,IX1) =STSP#CY

waP(2,2,IM1) =-STCPRCS

WiP (2,3,1M1) =CTCS

WAF (3,1,IM1) =CTSP

WAP(3,2,IM1) =~CTCP

WAP(3,3,IM1) =-87

00O 2 J=1,3

WAP(J,1,IM141) =-A(J,2,IM2)

WAP(J,2,IM141) =A(J,1,IN2)

WAP(2,J,IM1+2 2A(2,J,IM2)

WAP(J,3,IM1+41) =0.

WAP (2,J,1K142) =-A(3,4,IM2)

WAP(3,J,1M1+2 =0,

CONTINUE

WAPP (§,1,IM1) =CSPEATHD+ STSSHCPLPHD+ SPCSHSTHPSD
WAPP(1,2,1H2) 3-CCPEMITIOS S TAEPESAPHD~STCSH CeP D

WLPP(1,3,1M1) =-STSSETHO+CTCSEPSD

WAPP (2,1,IM1) SCSPCESTRO+CPCSESTHFHD~STS Sk SPRPSD
AFP (2,2, IM1) s-CCRCSaTHO+ S TSP A CHPHD+ S TCPASHHP SD

WAFP (2,3,IM1) s=-STCSH THD-CTSSKPSD

WAPP (3,1, 1K1) == STSFRTHO+CTCPRPHD

WePP (3,2, 1M1) SSTCP* THO+CTSPAFHD
WAPP(3,3,IM1).2-CT&THD

DO 3 1=1,3

WAFP(I,1,IM1+41)=-AD(]1,2,IM2)

WAFP(1,2,IM1+1) =AD(1,1,IM2)

WAPP(I,3,IM1+1) =0,

WAFP (1,1,IK1+2) =AD(2,1,1IM2)

WAPP(2,1,IM142) =-AD(1,1,IMD)

WAPP (3,1,IM1+2) =0,

CONTIRUE

IF(IM)}43,44 ,4)

MATRICES B AND BD
STSINF(TD
CT=COSF (T2
CP=COSF (P2
SPzSINF (P2)
C$=COSF(82)
SS=SINF(S2)

=g

€O TO 49

1F (1CLAG) 106,106,108
RE TURN

DO 102 K=1,3

DO 102 J=1,3
F(K+9,3+8) ZON(K,J)
CONTINUE
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SUBROUTIRE CEY

DO 10D K=1,3
DO 160 J=1,3
F(Ke3,3¢3) =DM (K, J)

100 CONTINVE
o1y 1=1,3
WR (D) =vy (1) -v2(D)

WD (1) =V (149) =V2(1+3)
13 CORTINVE

IF(1CLAG) 110,111,111

WRPQ(L,1) SXI1

WRPQ(2,1) =YI1

weFeL3d, 1 =zl1

WRPQ(1,2 =X12

WPQ(2,2 =Y1R

WRPQ(3,d =zl

DO 118 I=1,3

CA(l) =0,

F(1+32,1)=-WRP(I,])

F(l+12,1+6) =1,

J=1¢3

CALL MULTS (WAP(1,1,4) ,WRPQ{1,2),F(13,1+49),3,3,1)

CALL MULTL(WAP(1,1,1) ,05PA(1,1) ,F(313,143),3,3,1)

DO 117 K=1,3

117 F(K+12,1+3) =-F(K+12,1+3)

115 CONTINUE
DO 118 I=1,3
3=1+3
CALL MULTI(WAPP(1,1,J) ,WRPQ(1,2),WT1(1),3,3,1)
CALL MULTI (WAPP(1,1,1) ,WRKPQ(1,1),WT2(1),3,3,1)
Fl,I+12)=F (1412, 1)

F(146,1+12)=F(1+12,146)
0O 116 K=1,3

F(I+3,K+12)=F(K+12,1+3)
F(149,K+12) sF(K+12,149)

116 CA(K) =CA (K) =SHT (149) #WT1 (K) $SHT (1 +3) %WT2(K)
CALL BULT1(A(1,1,1) ,w5Pa(1,1) ,WT1(1},3,3,1)
CALL KULT1(A(1,1,2) ,w°Fa(1,d ,wT2(1),3,%,1)
FAQ1=uR (1) +WT1 (1) ~WT2(1)
FERITLA (D) +WT1 (D) -WT2(D)
FE&I=WR (3) +WTL (3) ~WT2(D)
RE TURN

110 CONTINUE

11

-

CORPUTE T

NN

CALL MULT2(A(1,1,2) ,A,TEE,3,3,3)

THE FOLLOWING COMPUTES THE PARTIAL OF T WITH RESPECT TO @
AND ITS TIME DERIVITIVE

[aNaNalal

DO 10 1=1,3

CALL MULT2(A(2,1,2) ,WAP(1,1,1) ,WwTP(1,:,1),3,3,0
CALL MULT2(AD(1,1,2) ,WiP(1,1,1),WT3,3,3,9)

CALL MULT2(A(1,1,2) ,WAPP(1,1,1),WT4,3,3,3)

CALL KADD (WT3,WT4 ,WTPF(1,1,1),3,3)

Js1ed
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10

SUBROUTIKE CETY

CALL MULT2(WAP(1,1,J) ,A,WTP(1,1,),3,3,3)
CALL KULT2(WAFP(1,1,)) ,A,WT3,3,3,3)

CALL BILY2(LAP(8,1,4) ,AD,WT4,3,3,3)

CALL MAZD (WT3,WT4 ,WIFP(1,1,J),3,3)
CONTINUE

COMFUTE T DOT

CALL KULT2(AD(1,1,2),A,WT3,3,3,3)
CALL KULT2(A(1,1,2),4D,WT4,3,3,3)
CALL HATD (WT3,WT4,WTD,3,3)

00 25 i=1,2

COMFUTE D

CALL KULT1(A,WRP1(1,1),WT1,3,3,1)

CALL BULTI(A(1,1,2) ,WaP2(1,1),WT2,3,3,1)
CALL M2DD (WT1,WS,WT1,3,1)

CALL MSUB(WTS,WT2,WD(1,1),3,1)

CHPUTE V

CALL HULT1(AD,WRP1(1,1),wWT$,3,3,1)

CALL KULTE(AD (1,1, ,WRP2(1,1),WT2,3,3,1)
CALL MAZD (WT1,WRD,WT1,3,1)

CALL KSUR(WT1 ,WT2,WW(1,1),3,1)

FORM J1

CALL MSR (A,WD(1,D) ,wW,2

CALL MULTI(A(1,1,2 ,WRH(1,]1),WT1,3,3,1)
CALL KSR (A ,WT1,%5,2)

WI(1) SWF /WG

FCRM THE PARTIALS OF JI WITH RESPECT TO QS

DO 15 J=1,3

wTs{d =0,

CALL MZR (A,WRP(1,J) ,WT1,2)

CALL KSR (A,WEP(1,J+3) ,WT1(D) ,D

WP (3,1) =WTING

WIP (3+6,1) WTL(D /W6

wWiB(J+6) =0.

CALL KEX (WAP(1,1,5),M0(1,D ,WT1,D

CALL MULTI(WAP(1,1,d) ,W&P1(1,1),WT2,3,3,1)
CALL KSR (A,WT2,WT1(D),2)

CALL MULT1(A(1,1,D) ,wSH(1 ,I),wWT2,3,3,1)
CALL MOR (WAP(3,1,J) ,WT2,WT1(3),2

WTB (J4+3) =WT1(3)

WIP (J+3,1)=(WT1(1) +WT1(2) ~WT1(3) ¥WJ (1)) /W6
CALL MULTI(WAP({1,1,J+3),WRP2(1,1),wT:,3,3,%)
CALL M=R (A,WT1,wWT2,2)

CALL KULTI(WAP(1,%,J43) ,WRH(1,1),wT1,3,3,¢
CALL W3R (A,WT1,WT2(2),2)

WIS (J+9) =WT2

WP (J+9,1) == (WT2(3) +WT2(2) %WJ (1)) /W6

JPL TECHNICAL REPORT NO. 32-912
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SUBROUTINE CGET

15 CONTINUE

[al

COMFUTE J1 DOT

CALL MSR (A,WV(1,D),WT3(2),2)

CALL MSR (AD,WO(1,I),WTS8,2)

CALL MULT1(A(1,1,2) ,W7H(1,1),WTs,3,3,1)

CALL MER (AD,WTL,WT5(3),2)

CALL MULTI(/D(3,1,2),WAH(1,1),WT1,3,3,1)

CALL MER (A,WT1,WT5(4),2

WID (1) = (WTS (1) «WTS (2) ~WI (1) R (WIS (D) +WT5 (4))) /W6
GED (1) =WTS () +WTS (4)

FORM THE FIRST TIME DERIVITIVE OF J1
WITH RESPECT TO Q8

nNnNNN

DO 17 4=1,3
CALL MSR (AD,WRP(1,J) ,WT6(J) 2
wWT7¢J) =0,
CALL MSR (AD,MRP(1,3+3) ,WTE(J+6) ,D
WTT(3+6) =0.
CALL MSR (WAPP(1,1,J) WD(1,1),WTS,2
CALL KSR (WiP(1,1,d) ,W(1,1),wWT5(2,2
CALL MULT1(WAP(1,1,d) ,wRP1(1,1),WT1,3,3,1)
CALL MSR (AD,WT1,WTS(3),D
CALL MULTL(WAPP(1,1,J) ,WRP1(1,1),WT1,3,3,1)
CALL MSR (A,WT1,WTS(4),2
WTG (J+3) SWT5 (1) +WTS (2) +WTS(3) +WT5 (4)
CALL MULT1(AL1,1,2) ,WRH(1,1) ,WT1,3,3,1)
CALL MSR (WAFP(1,1,J) ,WT1,WT5,2)
CALL HULT1(AD(1,1,2),WRH(1,1),WTL,3,3,1)
CALL KSR (WAP(1,1,d) \WT1,WTS5(D,2)
WT7 (J+3) =WT5 (1) +WTS (D)
CALL MULTI(WAP{1,1,J+3) ,WRP2(4,1),WT1,3,3,1)
CALL MSR (AD,WT1,WTS(1),2
CALL MULTE (WAPP(1,1,J+3) ,WRP2(1,1) ,WT1,3,3,1)
CALL MSR (A,WT1,WTS(2),D
W6 (J+9) =-WT5 (1) ~WT5 (D)
CALL MULTI(WLP(1,1,J+3) ,WRH(1,1),WTe,3,3,1)
CALL MSR (AD,WT1,WTS(1),2)
CALL MULTI(WAPP(1,1,J+3) ,WRH(1,1),wWwT1,3,3,1)
CALL MSR (A,WT1,WT5(2),2
WTT(J49) WTS (1) «WTS (D

17 CONTINUE
DO 18 J=1,12
FOR=WTSE (J) ~WJID (1) #WT8 () -WI (D ¥WTT ()
WIFP (J,1) = (FDR-WJP (J,1) %GED (1)) /W6

18 CONTINUE

25 CONTINUE
0O 24 1=1,3

24 RIL(I) =0,
CALL MZUB(WRP3(1,1) ,WRP1{1,®) ,WT:,3,1)
DO 27 1=1,12
F(13,1) =-WIP(1,1)sWRM(1,1)
F(14,1)=-WiP (1 ,3) xWRH(3,1)
CALL MSR(TEE ,WT1,WT5(4),
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31

32

33

SUBRXOUTINE ¢ET

WIS (1) =WIP (T, 1) 2WEN(1,1) ~WIP(1,2) $WRH(Y,2)
WT2(1) =WT5 (4) £ WIS (1)

CALL MER(TEE ,WT1,WIS(5),1)

WIS (2) =WIP (1, 1) 4R (3, 1) ~WIP(1,2) aWRNH (3,2)
WI2(2) =WT5 (5) #WI5(2)

F{i5,10 awWT2(1) ~WT2(2)

RIK(1) =-WIPP (], 1) #WRH(1,1)

RIK(2) =-WiFP(1,1) $WRH(3,1)

CALL 2ER(WTD(1,1) ,WTE,wWT2(1),3)

CALL KSR(WTD(1,1),WT1,WT2(2) ,1)

RIK(3) SWT2(1) #WTS (1) +WT5 (4) R (WIPP (1, 1) £VRH (1, 1) ~WIPP (] ,2) *WRH (1,2
1) ~WT2(2) #¥WTS (2) ~WT5 (5) X (WIPP (1,1) #WRH (3,1) ~WIPP(1,2) *WRH(3,2))
DO 27 J=1,3

RILCIISRIL (I +RIK(I) 2 SHT(T)

CONTINUE

DO 30 1=%,3

DO 31 J=1,3,2

J1=12+(J+1) /72

CALL MSR (A(1,1,2) ,WRP(1,1),wT2,d)
F(41,D)=F¢d1,1) ¢WT2(1)

CALL MSR (A(1,1,2) ,WRP(1,1+3),WT2,))
F(J1,146) =F (J1,146) +WT2(1)

CALL MSR (WAP(1,1,0+3) ,WR,WT2(2 ,J)
F(31,149) SF (J1,149) +WT2(D)

CALL NSR(WTP(1,1,1) ,WRP! ,WT2(3),J)
Fd1,1+3) =F(J1,1+3) +WT2(3)

CALL MSR(WTP(1,1,1+3) ,WRP31,WT2,J)
F(J1,149) =F(J1,145) «WT2(1)

CONTINUE

CALL MSUB(WRP1(1,1) ,WRP1(1,2,WT1,3,1)

DO 32 J=%,3,2

WTS (3) THRP2(J,1) +WJ (1) ¥WRH(J,1) ~WRP2(J , 2 ~WJ (D *WRH(J,D
WT6 () =WTS (D)

CALLMSCAL (WTS (J) ,WT1,WT3(1,4))

J1=4-3

CALL MSR (WTP(1,1,1),WT3(1,J),WT2,J1)

CALL MSR (WTP(1,1,1+43) ,WT3(1,J) ,WT2(2,J1)
CRQFLOATF (2-J)

F(15,1+3) =F (15,1+3) +GRGxWT2(1)
F(15,1+9) =F (15,1+9) +QRO*WT2(D

CONTINUE

DO 33 4=1,3,2

CALL MSR (WAPP(1,1,1+3) ,WR,WTS,J)

CALL MSR (WAP(1,1,1+3) ,WRD,WT5(2),J)

CALL MSR (WTPP(1,1,1+3),uRP1,WT3(3),J)
Ji=(Je) 72

RIL(JL) SRIL(I1) ¢ (WTS(1) +WTS (2 +WTS(3) ) & SHT(1+9)
CALL MSR (WTPP(1,1,1) ,WRP1,WTS(4),Jd)
RIL(JE)=RIL(JD) +SKT(I+3)*WT5(4)

CALL MSR (AD(1,1,2) ,WRP(1,1),WT5(5),d)
RIL(JDI SRIL(JL) «WTS (5)%SHT(I)

CALL MER(AD(1,1,2) ,bRP(1,1+3) ,WTS5(8),J)
RIL(J1I=RILCIL) +WTS (E) % SHT(1+6)

CONTINUE

DO 34 J=1,3,2

Ji=4-J
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g%

37

1234

(.14

1007

SUEROUTINE CEY

QQQIWID (1) 2WRH(J,1) ~WID (21 #WRH(J ,2)

CALL MsCaL(ecq  ,WT1,WT2)

CALL MSR (WTP(1,1,1) ,WT2,WTS,J1)
GRQ=FLOATF (2-J)

CALL MER(WIPP(1,1,1) ,W33(1,J) ,WTS(2),J1)
RIL(3) =RIL(3) 4 SHT(1+3) %QRQ (WIS (1) +WTS (D))
CALL MSR (WTP(1,1,1+3) ,WT2,wTS,J1)

CALL MSR(WTPP(1,1,1+3) ,WT3(1,J) ,WT5(2),J1)
RIL(3) =RIL (D) + SHT(149) %QRG¥ (WTS (1) +WTS(D))
CONTINUE

CONTINUE

CA(1) =~RIL(1)

CA(2) =~RIL(D)

CA(Y) =-RIL(D)

DO 37 1=1,3

DO 37 J=1,12

F(J,1+12) =F(1+32,d)

DO 65 1=1,3,2

CALL MSR(A(1,1,2) ,WR,WTS(1),1)

CALL MSR(TEE ,WRP1,WT3(2) ,1)

WTS (3) =-WRP2(1,1)

WTS (4) ==WJ (1) *WRM(I,1)

FRIWTS (1) +WT5 (2) +WTS (3) +WTS (4)

1F(1-2) 66,65 ,67

FQQ1=FQ

FORMAT(E&E20.7)

¢O TO &

Foa2=Fa

CONTINUE

FORMAT(EE20.7)

FQa3=0.

DO €8 J=1,3,2

J1=4-)

CALL MSCAL(WTS(J) ,WT1,WTS (1))

CALL MSR(TEE,WTS(1) ,QUF,J1)
FRAISFRAMFLOATF (2-J) *QUF

CONTINVE

RE TURN
€No(1,0,0,0,0,0,1,0,0,4,0,0,0,0,0)
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SUBROUTINE SFRING (WRF1,WkF2,WRH,S0,SK,S104,15F,N,1CLAG,S,

SUBROUTINE SFRING (WKF1,WRF2 WkH,SO,SK,S$10Q,15F,N,ICLAG,S,
1FJ,LBER,LSP1,189)

CIMENSION 1SS(1),Fi(1)

DIMENSION WFF1(3,8)

DIMENSION 1SP1(8)

CIMENSION ICRP(12)

COMMON T,ZERO,V1,V2,YDOT!,YDOT2

DIMENSION YCOT2(6) ,YDOT1(18) ,V2(6) ,V1(18) ,NH(6) ,HKB(6)
EQUIVALENCE (T,T), (ZERO,ZERO),
1 (X1,VIQ12), (Y1, V1(2)) ,(21,v1(3)) ,(T1,v1(4)),(T2,vV1(5))
1,(P1,V1(€)),(F2,V1(7)),(S1,V1(8)),(S2,v1(9)),(X1X,V1(10)),(Y1Y,Vi(
1:1)).(zlz.v1(12)).(TiT,va(as)).(TZT.V:(!‘)),(P!P,Vl(lﬁ)).(PZP.Vt(i
16)) ,(S1S,V1(17)),(S25,V1(18)),(X2,v2(1)),(Y2,V2(2)),(Z22,v2(3)) ,
1(Xx2x,v2(4)) ,(Y2Y,v2(5)),(22Z2,v2(6))

COMMON A,B,AD,BD

DIMENSION A(3,3),B(3,3),AD(3,3 ,BD(3,3)

DIMENSION EEK(3,4)

DIMENSION WT1(3) ,WT2(3) ,WT3(3) ,BA(3,3),WT4(3) ,WT5(3) ,WT6(3)
DIMENSION WRP1(3,1) ,WRP2(3,1) ,WRH(3,1),S0(1) ,5K(1),S10Q(}1)
XS(1) ,FOIE (1) ,WR(3)

DO 1 1=%,12

IRP(1) =D

$(1)=0.0

CONTINUE

TUF=0.

CP=COSF (P3)

SP=SINF (P1)

EEK(1,1)=CP

EEK(2,1) =SP

EEK(3,1) =0.

ST=SINF(T1)

CT=COSF (T1)

EEK(1,2) =ST&SP

EEK(2,2) =-ST*CP

EEK(3,2) =CT

EEK(1,3) =COSF ($2)

EEK(2,3)=-SINF(S$S2)

EEK(3,3) =D,

LSP=0

DO 200 1=%,3

WR (1) =v1 (1) ~v2(1)

wWT4 (1) =D,

wTS (1) =0,

wTe(1)=0,

CONTINUE

CALL MULTZ2 (B,A,BA,3,3,3)

DO 100 I=1,18P

CALL MULTY (A,WRP1(1,1),WT:,3,3,1)

CALL MULT! (B,wRP2(1,I1),wWT2,3,3,1)

CALL MSUB (WT1,WT2,WT3,3,1)

CALL MADD (WT3,WR,WT1,3,1)

CALL MSR (A,WT1,WT2(1),2

CALL MSC (BA,WRHM(1,]1),WT2(2,2)

FI(D) =wWT2(1) /WT2(2)

PUT=SK(I) %FI (1)

PUT1 =PYT+SIOQ (1)
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SUBROUTINE SFRING(WRF1 ,WRF2,WRH,SG,SK,S104,15F N, 1CLAG,S,

FClE SFUTE-8O(D)
1F(FOIE 13,3,6
6 LSF=LSF+1
ICRE(D) =¢
¢O 70 100
3 XS=(SO(1) -FUTIaSQRTFIWRH (1 , 1) #¥24WRH (2, 1) xx2¢WRH (3, 1) x%2)

CALL MSCAL(XS,WRH(1,1) ,WT1)
CaLL MADD (WT4 ,WT1,WT74,3,1)

CALL MCROS (WRP2(1,1) ,WT1(1) ,WTQ)
CALL MSUB (WTS5,WT2,WT5,3,1)

CALL MULT1L (B,WRP2(1,1),wW72,3,3,1)
CALL MULTY (B,WRH(1,1) ,WT3,3,3,1)
CALL MSCAL(FJ (1) ,WT3,WT3)
CALL MADD (WT2,WT3,WT2,3,1)
CALL MSUB (WT2,WR,WT2,3,1)
CALL MULT1(B,WT1,WT3,3,3,1)
CALL MCROS (WT2,WT3,WT1)
CALL MADD (WT1,WT6,WT6,3,1)

100 CONTINUE
DO 201 J=1,3
Ji=2ed-1
CALL MSC(A,WT4,5(J1),3)
S(J1+) =-S (1)

201 CONTINUE
$(12) =WTS (D)
CALL MSC(WT6,EEK(1,2),S(11),1)
CALL MSC(WT6,EEK(1,1),5(7),1)
$(9) =WT6(3)
CALL MSC(WTS,EEK(1,3),S(8),1)
CALL MSC(B,WTS,$(10) ,3)
IF(N-2)11,20,20

20 IF (1SP-LSP-2)11,12,12

12 KL=3
IF(1CRP(1))13,14,13

13 DO 15 L=3,18°
IF (1CRP{L)) 15,16,18

16 18S(1)=L
KLzL+t
6O TO 14

15 CONTINUE

14 IF(ICRP ()17, 8,17

17 1F (KL-1SP) 33,33,7

33 DO 19 L1=KL,l8P
IF(ICRP(L1))19,21,19

21 158(2)1=L1
o T0 8

1S CONTINUE

11 1CLAG=Y
IF(LSP-1SP)8,7,8

c FORCE CEASES TO ACT - - - SET INDEX = ZERO
7 18P=0
1CLAG=L
8 IF(LSP-LSP1)18,18,25
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SUBROUTINE SPRING (WRP1 ,WRF2,WRH,S0,8K,5102,15P ,N,1CLAG,S,

25 LDER=-1
LSF1=LSP
18 RE TURN
EsNc (1,0,9,6,0,0,1,9,0,1,0,0,0,0,0)
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110

S
10
11

SUBROUTINE FYRO (FI,TF,XF1,YF1,ZF1,XF2,YF2,2F2,UFX,UPY ,UFZ ,EP,IFR)

SUEROUTINE FYRO (FI,TF,XF1,YF1,2F1,XF2,YF2,ZFP2,UFX,UPY,UFZ ,EF,1FK)

EQUIVALENCE (7,7}, (ZERO,ZERO) ,

1 (X1,V1Q10) ,(Y1,VI(2)),(Z1,v1(3)),(T1,v1(4)),(T2,Vi(5))
1,(F1,VI(6)) ,(F2,Vvi(7)),(81,V1(8)),(S2,v1(9)),(X1X,V1(10}),(Y1Y,Vi(
111)) ,(Z1Z,v1(12)) , (T1T,vE(13)),(T2T,Vi(14)) , (P1P,V1(15)),(P2P,V1(1
16)) ,(S18,V1(17)) ,(S25,v1(18)),(X2,V2(1)),(Y2,v2(2)) ,(Z2,v2(})),
1(X2x,V2(4)),(Y2y,v2(5)),(Z222,V2(6))

COMMON T,2ERO,V1,v2,YDOT1,YDOT2

COMMON A ,AD,BD

DIMENSION A(3,3,2),AD(3,3) ,BD(3,3)

DIMENSION YDOT2(6) ,YDOT1(18) ,V2(6) ,V1(18) ,NH(6) ,HB(E)
DIMENSION PI(3) ,TP(6) ,EP(12),XP1(3),YP1(3),ZP1(3) ,XP2(3),YP2(3),

1 ZP2(3) ,UPX(3) ,UPY (3) ,UP2(3) ,CA(3) ,CB(Y)

CIMENSION RHO(3) ,WT1(3) ,RP1(3) ,RP2(¥) ,WT2(3,2) ,WT3(3,2) ,WT4(
%*3)

E=0.

DO 4 J=1,12

EP(3) =0.0

CONTINUVE

CONX=1.0

CONY=1.0

CONZ=1.0

If (X1-x2) 8,9,9

CONX=-1.0

1F (yi1-Y2) 10,11,11

CONY=-1.0

IF (21-22) 12,13,13

12 CONZ=-1

13

22

gy -

30

DO 100 1=1,IPR

DIMENSION IT(3)
IF(T-TP(1+3)) 1,20,22

IT(D =0

& TO 25

1IF(IT()) 25,100,285
IF(T-TP(I)) 100,24,23
IF(IT(I)) 25,100,225

IT() =1

E=PI(I)

RP3(1) =xPI(D)

RP1(2) =YP1(1)

RP1(3) =ZP1(I)

RP2(1) =xP2(1)

RP2(2) =YP2(I)

RP2(3) =2P2(1)

RHO(1) =UPX(D)

RHO(2) =UPY(I)

RNO(3)  =UPZ(I)

CALL MULT1(A(1,1,2) ,RHO,WT},3,3,1)
DO 30 J=1,3

wr2(J,1) =0.

wT2(J,2) =0.
EP(2%J-1) SEP (2% J~1) +ExWT1 (D)
CALL MCROS(RP2,RHO,WT3)
CALL MCROS (RP1,RHO,WT3(1,2))
DO 31 J=1,3
WT2(J,1)=WT2(J,1) +E2WTI(J,1)



3
100

SUBROQUTINE FYRO (FI,TF,XF1,YFY,ZP: ,XF2,YF2,2F2,UPX,UFY ,UF2 ,EF,IFR)

WT2(J,2)2WT2(J,2) +E¥WT3I(J,2)

CONTINUE

1F(E) 34,6,34

RO 32 i=1,2
CP=COSF(V1(J+5))
SF=SINF (V1 (J+5))
CY=COSF (V1(J+3))
ST=SINF(V1(J43))
SNG=(~1) %%y
3J1=3-y

CALL MULT1(A1,1,J1),WT2(1,d),WT1,3,3,1)

EP(J+6) EF (J+6) +SNO* (wT) (1) XCP+WTY (2) % SP)
EP(J+8) =EP (J+8) + SNGIWT1 (3)

EP(J+10) SEF(J+10) +SNCR (STHSF+WT1 (1) - ST&CPAWT1 (2)

1+CT*WTI(3))

32 CONTINUE

CONX=-CONX
CONZ=-CON2
CONY=-CONY

EP (1) =EP (1) *CONX
EP(3) =EP (3) *CONY
EF(5) =€EP (5) ®CON2Z
EP(2) =-EP(1)
EP(4) =-EP(I)
EF(6) =-EP(5)

RE TURN

EnND(1,0,0,0,0,0,1,0,0,1,0,0,0,0,0)
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SUBROUTINE FNEUM(IFN, N ,FBO,VEN,GAMN AN ,RAX ,UNX,UNY ,UNZ,

SUBROUTINE FNEUMCIFN ,IN,FBO,VBN,GAMN AN, RAX ,UNX ,UNY ,UN2Z,
1XN1,YNY ,ZNY (XN2,YN2,ZN2, XN ,FFN ,EGF ,FNEM,LDER ,IFN1)
CCMMON T,Z2ERC,V1,V2,YCOT1,YDOT2
CIMENSICN YCOT2(€) ,YCOT1(18) ,v2(6) ,V1(18) ,NH(6) ,HB(6)
EQUIVALENCE (T,T),(ZERO,ZERCY ,
1 (X1,V1(1)), (YT,VI(2)),(21,v1(3)),(T1,V1(4)),(T2,Vi(5))
1,(F1,V1(6)) ,(F2.V1(7)),(S1,VI(8)),(S2,V1(9)),(X1X,V1(10}) ,(Y1Y,Vi(
111)) ,(Z1Z,v1(12)) , (TIT,VI(13)) ,(T2T,V1(14)), (F1F,V1(15)) ,(F2F,v1 (1
16)),(S18,V1(17)),(825,v1(18)),({X2,V2(1)),(Y2,V2(2)),(Z2,v2(3}),
1(X2X,v2(4)) ,(Y2Y,v2(5)),(Z222,v2(6))
CCMMON A,D,AC,BC
CIMENSION A(3,3),B(3,3) ,AD(3,3) ,BC(3,Y)
CIMENSION AN(8) ,RAX(8) ,UNX(8) ,UNY (8) ,UNZ(8) ,XN1(8) ,XN2(8) ,YN1(8),
1 YN2(8) ,ZN1(8),ZN2(8) ,FPN(8) ,XN(12) ,EQF(8) ,CA(3),CB(3),CC (D) ,DEX(8
1) ,PNEM(8)
DO 17 K=1,12
XN(K)=G.0
17 CONTINUE
CONX=1.0
CONY=1.0
CONZ=1.0
IF (X1-x2) 19,20,20
19 CONX=-1.0
20 IF (y1-Y2) 21,22,22
21 CONY=-31.0
22 IF (21~22) 23,24,24
23 CON2=-1.0
24 LPM=0
SUM=0.0
CO 1 1=1,IPN
COo 2 k=1,3
CA(KI SA(1,KIXXNT (1) 4o (2,K)%YNT (1) +A(3,X)%2ZN1 (1)
CB(K) =B(1,K)HUNX (1) +B(2,K) xUNY (1) +B(3,K)xUNZ(])
CC(RI =B (1,KIXXN2(I) +B(2,K)xYN2(1) +B(3,K)%ZNZ2(]}
2 CONTINUE
CEX(I)=-(A(1,2) %(X24CC1) -X1-CA(1)) +A(2,2) % (Y2+CC(2)~Y1-CA(D))
1 +A(3,2)%(Z2+4CC(3)~21-CA(M ) 7 (A (1,20 %CB(1)+A(2,D %CB(2)
14A(3,2)%CB(3))
CEX(1) =ABSF(CEX (1))
SUM=SUM+AN (1) »CEX (I}
1 CONTINUE
DO 166 1=31,IPN
IF (JN-1) 3,5,9
3 IF (CEX(I1)~RAX(1)) &4,15,15
1S LFM=LPM+1
GO TO 100
4 YN=FBC#AN (1) % ((1 .0+ SUM/VBN) %%GAMN)
¢O TO 50
IF (DEX(1)-EQF(I)) 6,6,7
YN=FFN (1)
GO TO 50
1F (DEX(])-RAX(])) &,15,15
YNZFPN (D % (EQF (1) /DEX(]) ) %aGAMN
¢C TO 50
9 IF (CEX(I)-EQF(I)) 6,6, 10
10 IF (DEX(1) ~-RAX(I)) 11,15,15

D ~N ¢ w
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13

14

12

51

105

53

58
16
18
3G

N

1

1

SUBRCUTINE FNEUM(IFN,IN,FBD VBN, GAMN, AN RAX ,UNX UNY ,UNZ,

CO 12 J=1,1FN

IF (CEX(H-EQF(J)) 13,14,14

SUMN=SUMN +AN (J) #CEX( )

SUMC =SUMD + AN (J) 2CEX (4}

6O 10 12

SUMN=SUMN+AN ( J) 2CEX (J) -FNEM (D)

SUME = SUMD +FNEM (J)

CONTINUE

YNZFEN (1) 7 (1 .5+ SUMN/ (VBN+ SUME) ) % %GAMN

Lo 51 K=1,3

CA(K) SAT1,K)KXNT (1) +AC2,K)%YNT (1) +A(3,K) 2ZN1(])

CB(K) =B (1,K)*UNX (1) +B(2,K) 2UNY (1) +B(3,K) *UNZ (1)

CONTINUE

XN(1) =XN(1) +YNCB(1)

XN(3) =XN(3) +YN%CB(2)

XN(5) =XN(5) +YN*CB(3)

XN(7) =XN(7) ¢ YNk ({CB(1)*CA(3)~CB(3) ¥CA(1) ) %SINF (P1)
+(CB(3)%CA (2) -CB(2) %CA(3) ) %COSF (F1))

XN (9) =XN (9) + YNk {CB(2) %CA (1) ~CB(1) %CA(2))

XNC(11) SXN(11) +YN%((CB(3)%*CA(2) -CB(2) *CA(3) ) *A(3,1) + (CB(1)%CA(3)~

CBI3IRCA(1)IHA(D,2) « (CBLD %CA(1) ~CB(1) %CA(2) ) %A(3,3))
CB(1) sUNX (1) RZN2(]) -UNZ (1) 2XN2(1)

CA{1) SUNZ (1) RYN2(I) -UNY (1)%ZN2(1)

CA(2) =UNZ (1) %XN2(1) -UNX{1)%2N2(1)

CA(3) =UNY (T) & XN2(T) ~UNX(I)%YN2(1)

XN(8) =XN (8) - YNk (CA(1) 2COSF(S2) +CA () %SINF(S2)) :
XN(15) =XN (10) -YN¥(CA (1) %B(1,3) +CB(1)#B(2,3) +CA(3)*B(3,I))
XN(12) =XN(12) ~YN%CA(3)

CONTINUE

CONX=~CONX

CONY =~CONY

CONZ=-CONZ

XN(1) =XN (1) #CONX

XN(3) =XN (3) %CONY

XN(5) =XN (5) ®*CONZ

XN(2) =-XN(1)

XN(4) =-XN{3)

XN(6) ==XN(5)

IF (LFM-1FN) 18,16,18

FORCE CEASES TO ACT - - - SET INDEX = ZERO

IPN=0

IF (LFM-1FN1)31,31,30

LOER=-1

IPN1=LPM

RE TURN

ENCc(1,0,5,6,%,6,1,0,06,1,90,0,0,0,0)
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SUBROUTINE CkAG(C,CF,CC,xC1,vC1,2C1,XC2,YC2,2€C2,ICQ,LDER,ICCY)

SUBROUTINE CkAG(E,CF,CC,XC1,YC1,2C8,XC2,YC2,2C2,1CD,L0ER,ICC1)
COMMON T,2ERQ,V1,V2,YCOT1,YCOT2
CIMENSION YCQT2(6) ,YCOT1(18) ,V2(6) ,V1{18) ,NH(E) ,HB(6)
EQUIVALENCE (T,T),(ZERO,ZEROY ,
1 (X1,VI€1)) , (Y1, VI(2)) ,(28,v1(3)),(T1,V1(48)),(T2,V1(5))
1,(F1,V1(6)),(F2,v1(7)) ,(S1,V1(8)),(52,V1(9)),(X1X,V1(10)) ,{Y1Y,V1{(
11100, (21Z2,V1(12)) , (T1T,Vv1(13)),(T2T,V1(14)), (FIF,VI(15)),(F2F,V1(1
16)) ,(815,V1(17)) ,(82s,v1(18)),(X2,v2(1)),(Y2,v2(2)) ,(Z22,v2(3)),
1(X2X,V2(4)) ,(Y2y,v2(5})),(222,v2(6))
COMMON A ,B,AC,BC
CIMENSION A(3,3) ,B(3,3) ,AD(3,3),B0(3,3)
CIMENSION C(&) ,CD(12),DF(8) ,XC1(8),YC1(8),2C1(8),XC2(8),YC2(8),
12€2(8) ,CA(3) ,CB(D) ,CC(I)
LCRAG=0
DO 4 J=31,12
Lo(=0.0

4 CONTINUE
£O 100 I1=1,I1C@
LO 1t J=1,3
CACII =A(1, ) %XC1 (1) +AL2,3)%YCL (1) +A (3,2 %2CI(D)
CBII) =B(1,I)%XC2(1)+B(2,%YC2(1) +B(3,4)%2C2(1)

1 CONTINUE
CIX=X1-X2+CA(1) «CB(1)
ClY=Y1-Y2+CA(D) -CB(2)
L1Z2=21-22+CA(3) -CB(Y)
XC=SARTF (D] X*%24D1 Y4k 24D12%%2)
IF (XO~DF(1)) 2,7,7

7 LDRAG=LDRAG+1
WRITE QUTFUT TAPE 6,101,7,X1,Y1,21,X2,Y2,22,%0,DF (1)

101 FORMAT(9F14.6)

GO TO' 100

2LC0 3 3=1,3
CC(J) =AC (3,91 2XCI (1) +AD (2, ) &YCI(1)+AD (3, N *2CI(D)
1 =(BC(1,)%XC2(1)+BD(2,J)2YC2(1)+BD (3, ) %2C2¢1))

3 CONTINUE
VIX=X1X-X2X+CC(1)
VIYRY1Y-Y2Y+CC(2)
V1Z2=212-22Z+CC(D)
VESQRTF (VI X% 2+4V] YRR24VI2%%2)
v=D (1) zv
CC(3) =0C (1) -VIXRV
DC(3) =D (3) -Vivsv
CD(5) =00 (5) -VIZ#*v
CC(7) =CO (7) ~VE((VIXXCA (D) ~VIZ%CA(1) ) %SINF (F1)

1 +(VIZ#CA(2) ~V1Y%CA(3) ) *COSF (P1))
CC(8) <DL (8) +v& ((VIX%CB(3) -vIZ*CB(1) ) *SINF(ED)
1 +(VIZ#CB(2) ~V1Y#CB(3) ) %COSF(P2))

CD(9) =CD (9) -~V (VIY®CA (1) ~VIX%CA(2))
CC(1G) =BC(10) +vx (VI Y*CB(1) -VIX*CB(2))
CC(11)=CO(11) -VH((VIZHCA(2) -VIYRCA(I)IRA(1,3) ¢(VIXRCA(S)-VIZHCA())
1)%A(2,3) +{VIYECA(1) ~VIX®CA(2) ) %A (3,3))
CC12) =00 (12) +VE((VIZHCB(2) ~VIYRCB(3) ) %B(1,3) + (VIXKCB(3I) ~VIZ#CB(1)
1) *B(2,3) +(VIY&CB(1) ~vIX*CB(2))*B(3,3))
1GG CONTINUE
6 CC(2) =-DC (1)
£0(4) =-pC(3)
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SUBRCQUTINE CRAG(C,CF,OC,XxC1,vC1,2C1,XC2,YC2,2€2,1CC,LCER,ICCY)

CT(&) =~CL (5)

1F (LCRAG-1CCY 9,8,9

FORCE CEASES TO ACT - - - SET INCEX = ZERO
=0

IF (LDRAG-1CC1)11,11,15

LCER=~1

1D 1=LDRAG

RE TURN

Enec¢1,9,%,%,5,0,1,9,9,1,9,5,0,0,0)
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SUBROUTINE COLGASIICG,6),FC1 ,FG24F63,VOX,V6Y,VGZ ,UGX,U0Y,U62,

SUBRQUTINE COLGAS(1CG,6J,F61,FG2,FG3,VEX,VEY,V6Z,U6X,UGY ,UG2,
1X61,Y61,261,%X62,Y62,262,65T, TC6,LBER,1CG1)

COMMON T,2ERC,V1,Vv2,YCOT1,YDOT2

CIMENSION YCOT2(6) ,YCOT1{18),V2(6),V1(18) NH(6) ,HB(6)

EQUIVALENCE (T7,T),(ZERO,2ERO) ,

1 (X1,v1010),¢Y1,V1(2)) ,(21,Vv1(3)) ,(T1,v1(4)),(T2,V1(5))
1,(F1,V1(6)) ,(F2,v1(7)),(S1,VI(B)),(S2,v1(9)),(X1X,V1(10)) ,LY1Y,V1(
11190 ,(Z17,v1(12)) ((T1T,v1(13)),(T27,V1(14)), (F1F ,V1{15)),(F2F,Vi(1
16)),(S15,V1(171),(S2s,v1{18)) ,(X2,v2(1)),(Y2,v2(2)),(22,v2(3)),
1(X2X,V2(4)) ,{Y2y,v2(5)),(222,V2(6))

COMMON A,B,AD,BD

CIMENSION A(3,3),B(3,3) ,AD(3,3) ,BC(3,Y)

CIMENSION GJ(12),FG1(8) ,FG2(B) ,V6X(8) ,VGY(B) ,VCZ(B) ,UGX(8) ,UCY(8),
1 UGZ(8) ,XG1(8),YG1(8),261(8) ,XG2(8),Y62(8) ,262(8) ,CA(3) ,CB(D)
1,7C6(8)

COMMON WIL1,TCO

DIMENSION TCO(8)

LGAS=0
O 1 K=1,12

GJ(X)=0.0

CONTINUE

LO 100 1=1,1C6

IF(T-TCO(1))100,15,15

CONTINUE

IF (T-TC6(D)Y 5,5,9

LGAS=LGAS+L
GO TO 106G

XJZFG1 (1) /(1. +FG2{1) X (T-TCO(1)) ) %4FG3

1F (ABSF (X4) -GST) 9,6,6

co 2 J=1,3

CACI) <AL, DAVEX(TI+A(2, I RVEY () +A (3, %V62 (1)
CONTINUE

Co & J=1,3

CB(J) =B(1,)XUGCX (1) +B(2,I) %UGY (1) +B(3,J)%UCZ (D)
CONTINUE

GJ () S6I (D) +XI*CB(1)

GJ(4) =6J(4) +XJ%CB(D)

GJ(6) =6J(6) +XJI%CB(I)

GJI(1)=6J (1) +XJ%CA(1)

GJI(3) =GJ(3) +XI*CA(2)

GI(5) =G J(5) +XJ%CA(S)

CA(1) =v6eZ (D %YG1 (D) ~VEY (1)%261 (1)
CA(2)=VEZ (1) %XG1 (1) ~VGX(1)%261 (1)

CA(3) =VGY (1) %XG1 (1) ~VEX (1) %YG1(I)

CB(1) =2 (D #YG2(I) ~UGY (1)%262(1)

CB(2) =ucZ (1) %XG2(1) -UeX(11%262(1)

CB(3) =uGY (1) #*XG2(1) -UGX (1Y %YG2(1)

GI(7)=GI(7) +XI% (CA(1) %COSF(S1) +CA{2) % SINF(S51))

GJI(R) G I (6) +XI%(CB(1) *COSF(S2) +CB(2) *SINF(S2))

GJ(9) =6I () +XI%(CA(1IFAL1,3) ~CA(2) %A (2,3) +CA (3 %A (3, )
GJI(10) =Gy (15) +XJ%(CB(1)%B(1,3) ~CB(2)%B(2,3) +CB(3) xB(3,M)
GJI(11)26J(11)+XI%CA(S)

6J4(12) =6 (12) +X3%CB(3)

CONTINUE
IF (LGAS-1C6) 11,10,11
FORCT CEASES TG ACT =~ - - SET INDEX = ZERO




1G
11
12

13

SUBKOQUTINE COLGAS(ICG,G),FGY ,F62,FG3,VEX,VEY,V6Z ,UGX,U6Y,UGZ,

1¢6=0

IF(LGAS-1C61)13,13,12

tCER=-1

1CG1=LGAS

RE TURN

Ene (1,%,0,54,6,0,1,5,0G,1,5,06,0,0,0)
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SUBROUTINE ROCKET(IRK,R,RK,TE,TF ,RUM,PUM,FM1,FM2 ,URX,URY ,URZ,

SUBRQUTINE ROCKET(IRK,R,RR,TE,TF RUM,PUM,FM1,FM2,UKX,URY,URZ,
1FM1G,FM20,XK1,YR1,2R1 ,xR2,YR2,ZR2,vkX ,VRY ,VRZ,SUN1,SUN2,SUN3,
2SAN1,SANZ,SAN3,XX10,YY10,2210,XX256,YY26,2220,XX1,YY1,221,XX2,YY2,
3222)

COMMON T,2ERO,V1,V2,YDOT1,YDOT2

CIMENSION YTCT2(6) ,YDOT1(18) ,V2(6) ,V1(18) ,NH(6)} ,HB(6)
EQUIVALENCE (T,T), (ZERO,ZERO} ,

1 (X1,V101)),(Y1,v1(2)),(Z1,V1(3)),(T1,V1(4}),(T2,V1(5))
1,(F1,V1(6)),(F2,v1(7)),(81,V1(8)) ,(S2,v1(9)),(X1X,VI1{10)) ,(Y1Y,V1{
111)),(212,v1(12)) , (T1T,vi(13)),(T2T,v1(14)), (P1F,V1(15)),(P2P,vi(1
16)) , (S1S,V1{17)),(S25,v1(18)),(X2,Vv2(1)),(Y2,v2(2)),(Z22,v2(3)),
1(X2Xx,V2(4)),(Y2y,v2(5)) ,(22Z2,V2(6))

COMMON A,B,AD,BD
CIMENSION A(3,3),B(3,3),AD(3,3 ,BD(3,3
CIMENSION R(12) ,RR(16) ,URX(16) ,URY(16) ,URZ(16) ,VRX(16) ,VRY (16) ,
1VRZ(16) ,XRk1(16) ,YR1(16) ,ZR1(16) ,XR2(16) ,YR2(16) ,ZR2(16)
1,TE(16) ,TF(16) ,CA(3)

LROC=0
DO 1 1=1,12
Rk(1)=0.0
CONTINUE
DO 30 1=1,IRK

1IF (T-TE(I)) 2,3,3

IF (T-TF(1)) 8,8,5
S=TF(D ~TE(D)

FM1=FM1O-RUMKS
FM2:FM20-PUMKS
XX1=XX10-SUN1%S
YY1=YY10- SUN2%S
22312210~ SUN3%S
XX2=XX2D~SAN1%S
YY22YY20- SAN2kS
2222220~ SAN3%S
LROC=LROC+1
If (LROC-IRK) 2,40,40
FORCE CEASES TO ACT =~ - - SET INDEX = ZERO
1RK=0
GO TO 30
S=T-TE(1)

FM1=FM10-RUMES
FM2=FM20~-PUMXS
XX1=XX10- SUN1%S
YY1=YY10- SUN2%S
221=2210-SUN3%S
XX2=XX20-SAN1%S
YY2:YY20D- SAN2%S
22232220~ SAN3%S
Do 21 k=1,3
CA(K) =A (1, K)XURX (I +A (2, K)RURY (1) +A(3,K)2URZ (1)

CONTINUE
(1) =R (1) +RR (1) %CA (1)

R(3) =R (3) +RR (1) %xCA (2)

R(5) =R (5) +RR (D) *CA (D)

CA(1) =URZ (1) %YR1 (1) ~URY (1) %2ZR1 (1)

CA(2) =URZ (1) 2XRI (D) ~URX (1) %ZR1 (1)

CA(3) =URY (1) %XRE (1) -URX(1)%YR1(I)



52

51

53

30
32

SUBROUTINE ROCKET(IRK,R,RR,TE,TF ,RUM ,FPUM,FM1 FM2,URX,URY,UKZ,

RATY=R(7Y+RR(1) % (CAL1) xCOSF (51) +CA () $SINF(S1))

R{D) =R(D +RR (D X (CA (1) %A (1,3 -CA(2)%A(2,3) +CA(3) %A(3,I))
R{11) SR +RR (1) %CALY)

Lo 51 K=t,3

CA(KI =B (1,K)XVRX (1) +B(2,K) %VRY (1) +B(3,K)&VRZ(])

CONTINUE

R(2) =R {(2) +RR (1) xCA (1)

K(4) =R (4) +RR (1) %CA(2)

R (6) =R (6) +RK (1) ®*CA(3)

CA(1) =VRZ{D) 2YR2(I) ~VRY(I)%ZR2(1)

CA(2) =vRZ (D) #XR2(1) -VRX(1)%ZR2(1)

CA(3) sVRY (I FXR2(1) -VRX(1)*YR2(1)

R(B8) =R (8) +RR(I) % (CA¢1)*COSF (S2) +CA(2) % SINF (S2))

RUID =R (I +RR (D)% (CA{N %B(1,3)-CA(2)%B(2,3)+CA(3)1%B(3,3))
R(12) =R (12} +RR () %CA (D)

CONTINUE

RE TURN

ENo(t,0,0,0,0,0,1,0,0,1,0,0,0,0,0)
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SUBROQUTINE UNIVSL(ISU,WG,UK,WIOQ,W,XU1,YU1,2V1,XU2,YU2,2VU2,LDER,

SUBROUTINE UNIVSL(ISU,W5S,UX ,WICQ,W,XU1,YUt,2V1,XU2,Yu2,2V2,LDER,
115U1)
CIMENSION WIOQ (1)
COMMON T,2ERO,V1,v2,YDOT1,YDOT2
CIMENSION YCOT2(€) ,YCOT1(18) ,v2(6) ,V1(18) ,NH(6) ,HB(S6)
EQUIVALENCE (T,T),(ZERQ,ZERD) ,
1 (X1,V1(1)), (Y1 ,VI(2)),(21,v1(3)),(T1,v1(4)),(T2,V1(5))
1,(F1,V1(6)) ,(F2,v1(7)),(S1,Vi(8)),(S2,V1(),(X1X,VI(10)),(Y1Y,Vi(
111)) ,(212,V1(12)) ,(T1T,Vv1(13)),(T2T,V1(14)), (F1F,v1(15)),(F2F,v1(1
16)) ,(S1S,V1(17)),(S28,vI(18)),(X2,V2(1)),(Y2,v2(2)),(Z22,v2(3)),
1(X2X,V2(4)) ,(Y2Y,v2(5)),(222,v2(6))
COMMON A ,B,AD,BD
DIMENSION A(3,3),B(3,3),AD(3,3 ,BD(3,3)
CIMENSION wWO(8) ,W(12) ,XU1(8),YU1(8),ZU1(8) ,Xy2(8),YU2(8),ZU2(8)
1,UK(8) ,CA(3) ,CB(D)

20 LUN=0
DO 1 1=1,12
W(1)=0.0

1 CONTINUE
DO 100 1=1,18Y
DO 2 Kk=1,3
CA(K) =A(1,K)RXUT (1) +A(2,K)RYUL(]) +A(3,K)%ZUL(])
CB(K) =B(1,K)#XU(1) +B(2,K)%YU2(1) +B(3,K)%ZU2(1)

2 CONTINUE
DIX=Xx1+CA(1)~X2-CB(1)
ClY=Y1+CA(2)-Y2-CB(2)
C1Z=Z14CA(3)~22-CB(D)
CO=SQRTF (D1 X%%2+4C1 Y4k 24D 1 2%%2)
FUT=UK (1) %DD
IF (ABSF (CUT) ~-ABSF (WO(1) +wWIOQ(1)))3,3,9

9 LUNSLUN+1
GO TO 100

3 1IF(DD) 6,7,6

7 012=1.0
XW=Wo (1)
GO TO 8

€ XW=WG(1)/DD-UK (1)

8 W) =W(1)+XwD]IX
W(3) =W(3) +XxwiD1Y
W(S) =W(5) +XwD12
W(9) =W(S) +XWk (CT1YRCA (1) ~DIX*CA(2))
W(7) =W(7)+ Xk ((CIX%CA(3) -DIZXCA(1))*SINF (P1) + (DI12%CA(2) -DIY*CA(D))
1 *COSF(F1))
Wl11) =W (1) +XW ((CIZ%CA(2)-DIYRCA(3)) %A (1,3)+(CIXRCA(3) ~DIZ*CA(1))
1 EA(2,3) +(CIYRCA(1) -DIXKCA(2))%A(3,3))
W(B) =W (8) ~XWk ((CIX¥CB(3) -C1Z%CB(1) ) %SINF (F2)+(CIZ*CB(2)-D1Y*CB(3))
1 *COSF(P2))
W(1G) =W (10) ~-Xwe (DI1Y*CB(1) -DIX%CB(2))
W(12) =W(12) ~Xwk ((CIZ*CB(2)-DIY®CB(3))%B(1,3)+(DIX*xCB(3) ~-D12%CB(1)}
1 *B(2,3) +(DIY*CB(1) -CIX*CB(2))%B(3,3)}

1G5 CONTINUE
4 W(2)=-W(1)

wWia)=-W(3)
W{6) =~W(5)
5 1F(LUN-1SU) 11,10,11
FORCE CEASES TO ACT - - - SEY INDEX = ZERO




10
11
12

13

SUBROUTINE UNIVSL(ISU,WD,UX,WIOQ,w,XU1,YUL,ZU1,X02,YU2,2VU2,LDER,

1sv=0

IF (LUN-1SVU1)13,13,12

LCER=-1

1SU1=LUN

RE TURN

gENc 1,9,0,0,0,0,1,0,6,1,6,0,0,0,0)
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SUBROUTINE MCROS (A,B,Q)

SUBROUTINE MCROS (A,B,0)
CIMENSION A(1),B(1),C(1)

C(1) =A() 2B -A (I %B(2)

C2) =-A(1)2B(3) +A(3)%B(1)

CUD =A (1) #B(2)-A (2 %B(1)

KE TURN
eEnca,0,6,06,0,0,1,0,9,1,0,0,0,0,0)
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SUBROUTINE MSR(A,B,C,J)

SUBROUTINE MSR(A,B,C,J)

CIMENSION A(3,3),B()

C=G,

Co 1 1=1,3

C=C+B(DY %A (J,])

RE TURN
€Nc(1,9,9,6,4,0,1,9,6,:,0,0,0,0,0)

JPL TECHNICAL REPORT NO. 32-912
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SUBROUTINE MSC (4,8,C,3)

SUBROUTINE MSC (4,B,C,0)
CIMENSION A(3,3),B(3)

C=0.

DO 1 1=1,3

C=C+B(II*A(I, )

RE TURN
gNp(?,0,06,0,0,0,1,0,06,1,0,0,0,0,0)

-
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SUBROUTINE MSCAL(A,B,Q)

SUBROUTINE MSCAL(A,B,Q)

CIMENSION B(3),C(Y)

DO 1 1=1,3

(1) =AxB (D)

RE TURN
gENC(:,0,0,0,0,0,1,0,0,1,0,0,0,0,0)

JPL TECHNICAL REPORT NO. 32.912
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SUBROUTINE MACC(A,B,(,M1,M2)

SUBROUTINE MADC(A,B,C,M1,M2)
CIMENSION A(3,3),B(3,3),0(3,3
CO 1 I=1,M1
0O 1 J=1,M2

1 C(l, D =A(L,ND+B(1,9
RE TURN
g£Nc¢3,0,0,06,0,0,1,0,6,1,0,0,0,0,0)
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SUBROUTINE MSUB(A,B,C,M1,M2)

SUBROUTINE MSUB(A,B,C,M1,M2)
CIMENSION A(3,3),B(3,3,0(3,3

CO 1 1=1,M1

£O 1 J=1,M2

(I, I=A(1,0-B(1,d

KE TURN

ENC (2,9,9,0,0,0,1,0,9,1,0,0,0,0,0)
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SUBRQUTINE MULT3(A,B,C,M1 M2,M3)

SUBROUTINE MULT3I(A,B,C,M1 M2 ,M3)
CIMENSION A(3,%),B(3,3,C(3,3)
£O 2 1=1,M1
DO 2 K=1,M3
C(l1,K)=0,
CO 2 J=1,M2
2 C(1,K) =C(1,K) +A(1,0)%BJ,K)
RE TURN
Enct1,c,0,%,0,0,1,0,0,1,0,0,0,0,0)
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SUBROUTINE MULT2(A,B,C,M1 ,M2,M3)

SUBROUTINE MULT2(A,B,C,M1,M2,M3)
CIMENSION A(3,3) ,B(3,3 ,C(3,3)

CoO 2 1=1,m1

CO 2 K=1,M3

c(l,K)=0,

DO 2 J=1 ,M2

I K SA (T, %B(K,J)+C(1,K)

RE TURN
enc1,60,6,0,0,%9,1,0,0,1,0,0,0,0,0)

JPL TECHNICAL REPORT NO. 32-912
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SUBROUTINE MULT1(A,B,C,M1,M2,M3)

SUBROUTINE MULT1(A,B,C,M1,M2,M3)
CIMENSION A(3,3),B(3,3,0(3,d
Co 2 1=1,m1
C0 2 K=1,M3
<(1,K =0,
CO 2 J4=1,M2
2 C(1,K)=A(J, D %B(J,X)+C(] ,K)
RE TURN
END (1,0,9,0,0,6,1,0,0,1,0,0,0,0,00
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SUBROUTINE SWITCH(A1 ,A2,A3,A4,A5,A6,1,4,T)

SUBROUTINE SWITCH(AY,A2,A3,A8,A5,46,1,),T)
CIMENSION A1(3,1),A2(3,1),A3(3,1)

Co 1
CALL
CALL
CALL
CALL
CALL
CALL

K=1,3
SW1(1,J,A1(K,1))
Swi(l,J,A2(K,1))
SW1(1,J,A3(K,1))
SW (1,J,A4)
SW(l,J,AS)

SW (1,4,A6)

WRITE QUTFUT TAFE €,100,1,),7

FORMAY (7H SPRING,I3,19H

RE TURN
Enc ¢1,0,0,0,0,0,1,0,6,1,9,0,0,0,0)

INTERCHANGED WITH,13,7H AT T=€£11.4)

JPL TECHNICAL REPORT NO. 32-912
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SUBROUTINE sw(l,J,A)

SUBROUTINE SwW(l,J,A)

CIMENSION A(1)

B=A(D)

A(D =A (D)

A(J) =B

RKE TURN
£nND(2,0,05,6,0,0,1,0,0,1,0,9,0,0,0)




SUBROUTINE SWi(l1,J,A)

SUBROUTINE SW1(I1,J,A)
CIMENSION A(3,1)

Q=A(1,))

A1, =a01,D)

A1, =Q

RE TURN

Ewno 2,9,06,0,0,0,1,9,0,1,G,0,0,0,0)

JPL TECHNICAL REPORT NO. 32-912
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1
2

7

8

10
11

9
12
14
13
15
17
16
ie
2C
19
21
23
22

24
26
25
27
29
28
3G

32
3

SUBROUTINE ERR (DEL,TFR,TF,7G,TA,¥B,7C,TC,TRIG1,TRIG2,TRIGS,

SUBROUTINE ERR (DEL,TFR,YF,Y6,TA,TB,TC,TC,TKIGY,TRIG2,TRIGS,

1 TRIG4 ,TROC,FYRO2,FYRQS ,FLOT )

EGUIVALENCE (T,T),(ZERO,ZERD) ,

1 (X1,V1(1)),(Y1,V1(2)}) ,(21,V1(3)}),(T1,v1(4}),(T2,Vi(5))
1,(F1,VI(6)) ,(F2,v1(7)),(S1,V1(8)),(S2,v1(9)) ,(X1X,vi(10)) ,(¥1Y,Vi(
111)),(212,v1(12)) ,(T1T,Vv1(13)),(T2T,V1i{14)), (FIF,V1(15)),(F2F,vi(1
16)) ,(S18,V1(17)),(S25,v1(18)),(X2,v2(1)),(Y2,v2(2)),(Z2,v2(3)),
1(X2X,V2(4)) ,(Y2y,v2(5)),(Z22Z,V2(6))

COMMON T,2ERO,V1,V2,YCOT1,YCOT2

CIMENSION YCOT2(6) ,YDOT1(18) ,V2(6) ,v1(18) ,NH(6) ,HB(6)
COMMON A ,B,AD,BD

CIMENSION A(3,3),B8(3,3) ,AD(3,3),80(3,3

WRITE OUTFUT TAFE 6,1

FORMAT (1K1 ,21HERROR OCCURS IN FMARK )

WRITE QUTFUT TAPE 6,2,T

FORMAT (1H0,7HTIME = E15.7/)

WRITE OUTFUT TAPE 6,7,DEL,TFR,TP

FORMAT (1HO . 9HSTEF SI1ZE,E16.5 7

111H FRINT STEF,£16.5/

118H FYRO FIRING TIMES ,E16.5)

WRITE OUTFUT TAPE €,8,76,TA,TB,TC,TD

FORMAT (1K ,15HFIN PULLER TIME ,£16.5/

1194 ROCKEY TIMES--~ TA,E16.5,2HTB,E16.5,2HTC,£16.5,24TD E16.5)
IF (T-TR161)10,9,9

WRITE OUTFUT TAPE 6,11,TRIG1

FORMAT (1H ,13HPRINT TRIGGERE16.5)

1F (T-TRIG2)12,13,13

WRITE QUTFUT TAPE 6,14 ,TRIG2

FORMAT (1H ,18HFIN PULLER TRIGGER €£16.5)

1F (T-TRIG3) 15,16,16

WRITE OUTPUT TAPE 6,17,TRIG3

FORMAT (1H ,194ENC OF STEF TRIGGER £16.5)

IF (T-TRIG4) 18,19,19

WRITE OUTPUT TAPE 6,20,TRIG4

FORMAT (1H ,16H1ST PYRO TRIGGER E16.5)

1F (T-PYRO2) 21,22,22

WR1TE OUTPUT TAFE 6€,23,PYRO2

FORMAT (1K ,16H2ND FYRO TRIGGER E£16.5)

IF (T-FYRO3) 24,25,25

WRITE OUTFUT TAFE 6,26,FPYRO3

FORMAT (1H ,1643RD FYRO TRIGGER E16.5)

IF (T-TROC) 27,28,28

WR1TE QUTFUT TAPE 6,29, TROC

FORMAT (1H ,14HROCKET TRIGGER E16.3)

IF (T-FLOT) 30,31,31

WRITE QUTFUT TAFE 6,32,FLOT

FORMAT (1H ,12HPLOT TRIGGER €E16.5)
CONTINUE

DO 3 I=1,18

WRITE OUTFUT TAFE 6,4,1,v1(1),1,YDOTI(D)
CONTINUE

FORMAT(1H ,3HV1( 12,1H) E15.7,5X,6HYDOTI( 12,1HIELS.T)
Co S5 1=1,6

WR1TE OUTFUT TAFE 6,6,1,v2(1),1,YDOT2(1)

CONTINUE

FORMAY (1M ,3HV2( 12,1H) E15.7,5X,6HYDOT2( 12,1M)E1S.T)
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SUBROUTINE ERR (CEL,TFR,TF,76,TA,T8,7C,TC,TRIGI1,TRIG2,TRIG3,

CALL CuMF

RE TURN
ENC 1,0,0,4%,0,56,1,9,6G,1,5,0,0,8,0)
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SOLVE LINEAR EQUATION SOLVER WITH ITERATIVE IMFROVEMENT

SUBROUTINE SOLVE (NN,AA,BB,IN,EFS,ITMAX,X,ITT)

C SOLVES AX=B WHERE A 1S NXN MATRIX ANC B IS NXt VECTOR
C IN=
< 1 FOR FIRSY ENTRY
C 2 FOR SUBSEQUENT ENTRIES WITH NEW B
C 3 TO RESTORE AA AND BB
C EFS ANC ITMAX ARE FARAMETERS IN THE ITERATION
C 177=
C -1 IF AA IS SINGULAK
C G IF NOT CONVERGENT
C NUMBER OF 1TERATIONS IF CONVERGENT
C CALLS FAF SUBRQUTINES EQUIL,DOT AND DAD
C
CIMENSION AA(15,15) ,A(15,15) ,KA(15,15),B(15) ,BB(15) ,X(15),2(15),
1CM(15) ,RM(15) ,JCP(15) ,1RP(15)
EQUIVALENCE (A,KA}
C
C MA MUST = DECLAREC CIMENSION OF SYSTEM
C
MA=15
C
C
C
MAL =MA+Y
GO TO (1,2,3 ,IN
1 N=NN
1P=1
C
C EQUILIBRATION
C
CALL EQUILY (AA,KA N MA)
0O 510 1=1,N
KT=KA(1,1)
DO 503 J=2,N
IF(KT-KA(I,J)) 502,503,503
so2 KT=KA(I,J])
503 CONTINUE

RM (1) =2.0%%KY
BO 509 J=1,N
5098 KA(I,J) =KA (1, -KT
510 CONTINUE
DO 520 J=1,N
KT=KA(1,J)
0O 513 1=2,N
IF(KT-KA(1,J))512,513,513
512 KT=KA(I,d)
513 CONTINUE
CM (J) =2.0%%KT
DG 519 1=1,N
519 KA(T,J)=RA(1,8) -KT
520 CONTINUE
CALL EQUILe
DO 53D I=1,N
535 BB(I) =BB(I)/RM (1)
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[a]

SOLVE LINEAR EQUATION SOLVER WITH 1TERATIVE IMFROVEMENT
SAVE EQUILIBRATED DATA

CO 548 1=1,N
CO 548 J=1,N
548 AL, 9) =AA(T, D)
1F=2

GAUSSIAN ELIMINATION WITH COMFLETE FIVOTING

NMi=N-1
0O 99 M=1,NM1
TOF=ABSF (A (M, ,M))
IMAX =M
JMAX =M
DO 12 1=M,N
DO 12 J=M N
IF(TOP-ABSF(A(1,0)))10,12,12
10 TOF=ABSF (A(1,J))
IMAX=]
IMAX=J
12 CONTINUE
IF(TOF) 14,13,14
13 17=-1
1P=10
1TT=17
RE TURN
14 IRF (M) =IMAX
JCF (M) =yMAX
IF (JMAX-M) 29,23,21
21 DO 22 1=1,N
TEMF=A (1 ,M)
ACL,M) =A(T,JMAX)
22 A(l,JIMAX) =TEMF
23 IF (IMAX-M) 29,29 ,24
24 DO 25 J=1,N
TEMFZA (M, J)
A(M,J) SA(IMAX,J)
ACIMAX,J)=TEMP
MF1=M4+y
DO 33 1=MP1,N
EM=A(I M) 7A (M ,N)
A(l M) =fM
DO 32 J=MF1,N
32 ALTL ) =A(T ) ~A(M, J) %EM
33 CONTINUE
99 CONTINUE
STORAGE FOR A NOW CONTAINS TRIANGULAR L AND U SO THAT (LeI)%U=A
IF(A(N,N))101,93,101
3 17=-1
1F=10
ITT=17
RE TURN
101 IRF(N) =N
JCF (N) =N

2o

C CUPLICATE INTERCHANGES IN DATA
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SOLVE LINEAR EGUATION SOLVER WITH ITERATIVE IMFROVEMENT

DO 219 J=1,N
IF¢J- 3F) 211,219,211
211 DO 212 1=1,N
TEMP=AA(1,J)
AR, 0D =AA(T,0P)
212 AACL, JF) <TEMF
219 CONTINUE
DO 229 1=1,N
1F=IRF (D)
1F(1-1F) 221,229,221
221 DO 222 J=1,N
TEMF=AA(T,J)
AACL, ) =AACIR,J)
222 AA(IF,J) ZTEMF
TEMF=BE (D)
BB(1) =BB(IP)
BB(IF) =TEMP
229 CONTINUE
1F=3
6O TO 199

n

FROCESS NEW RIGHT HAND SIDE

2 NN
1P=4
DO €01 I=1,N
601 BB(I) =BB(1) /RM(])
DO 609 M=1,NM1
IF=IRF (M)
TEMP =BB (M)
B8 (M) =BB(1F)
BB(1F) =TEMP
609 CONTINUE
GO TO 199

2]

SOLVE FOR FIRST AFFROXIMATION TO X

199 DO 200 1=1,N
IM1=1-1
BEE=BB(1)
206 B(1)=-DOT(IM1,A,1,MA,B8,1,1,BEE,1.0)
DO 201 K=1,N
L=K-1
I=N-L
1ASIxMAY
Ix=141
BE=B(I)
O=a(l,
201 X(1) =-DOT(L,A, 1A ,MA,X,IX,1,BE,D)
1P=5

C ITERATIVE IMPROVEMENT

IF (1TMAX) 370,370,300
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360 TOF=0.0
CO 303 1=1,N
IF(TOF-ABSF (X (1)) 302,303,303
302 TOF=ABSF (X(I))
303 CONTINUE
EFSX=EF Sk TOF
CC 369 17=1,1TMaX
C FIND RESIDUALS
CO 319 I=1,N
BEE=BB(1)
319 Z(1)=-DOT(N,AA,1,MA,X,1,1,BE6E,1.0)
1F=11
C FIND INCREMENT
DO 329 I=1,N
IM1=1-1
ZEE=Z2 (1)
329 B(I)=—DOY(!N1,A,! WMA,8,1,1,2EE,1.0)
DO 339 K=i,N
L=K-1
I=N-L
TAz1xMAY
1Z2=1+3
BE=B(I)
C=a(1,1)
339 Z(1)=-DOT(L,A,1A,MA,2Z,12,1,BE,D)
1F=6
C INCREMENY ANC TEST
TOF=0.0
DO M2 1=1,N
TEMF=X(I)
ZEE=Z (1)
X (1) =DAD (TEMF ,ZEE)
DELX=ABSF (X (1) -~ TEMP)
IF(TOP-DELX) 341,342,342
341 TOF=DELX
342 CONTINUE
k=7
IF (TOF-EFSX) 381,381,369
369 CONTINUE
370 171=0
381 DO 383 K=1,N
I=N-K+1
IF=)CF (1)
TEMP=X (1)
X(I)=X(IF)
383 X({1F) =TEMF
CO 385 I=1,N
385 XD =xcnszem
1F=z9
ITT=17
RE TURN

o}

RESTORE AA AND BB

3 NF1zNe+t
CO 709 K=1,N

JPL TECHNICAL REPORT NO. 32-912
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SOLVE LINEAR EGUATION SOLVER WITH TTERATIVE IMFROVEMENT

I1=NF1-K
1F=1RF (1)
IF(1-1F) 701,709,701
701 DO 702 4=1,N
TEMP=AA(I ,J)
AA (T ,J) =AA(IF, )
752 AA(IF, J) =TEMF
TEMF=BB (1)
BB(I1) =BB(IF)
BB(1F) =TEMF
709 CONTINUE
DO 719 k=1 ,N
J=NP1-K
JE=JICP ()
IF(JF-J) 711,719,711
711 DO 712 I=1,N
TEMP=AA(T,J)
AA(T  J) =AALT,JP)
712 AA (], JP) TEMF
719 CONTINUE
DO 721 I=1,N
R=RM (1)
BB(I1) =BB(1) *K
DO 723y J=1,N
721 AA (I, J) =AM L], ) &R
DO 722 J4=1,N
C=CM (J)
DO 722 I1=1 N
722 AA(T, ) =AM L], 3)%C
IP=12
RE TURN
ENC(1,0,0,0,0,0,%,0,0,1,0,0,0,0,0)
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SEFARATION OF TWO BOCIES IN SFACE

COMMON Y, TFLOT
CIMENSION Y(38) ,W(15 GOD) ,LOT(14) ,A(36) ,X(4),S(4) ,BUF(100)
CO 5G40 1=1,14
504G LOT(D) =G
REAC INFUT TAPE 5,1, (LOT(D),1=1,14)
FORMAT (1415)
NT3:38
NT2:=8
NT1=18
2 FORMAT(E12.8,112)
NO=0
F12=360.0
$(1)=119.0
$(2)=903.0
$(3)=1023.0
$(4)=0.0
X(1)=0.0
NFTS=Y (37)
MFTS=NFTS+NFTS
ZERO=0.0
REWIND NT2
L=0
3 L=Lel
IF (L-15) 100,101,10%
100 IF (LOT(L)) §5,3,5
S CALL ADV(18)
IF(LOT(L-127,7,8
7 I=3%L-3
READ TAFE NT2, (A(K) ,X=1,36)
IREAD=1
£O 6 K=1,36
Y (K) =ABSF (A (K))
€ CONTINUE
W(1) =A(1+1)
wW(2) =A(I+D)
W3 =A(1+3)
4=0
DO 9 1I=2,NFTS
READ TAFE NT2, (A(K) ,K=1,36)
NENES.)
DO 9 JJ=1,3
K=1+JJ
) IF (ABSF(A(K))-Y(K)) 106,106,107
157 Y (K) =ABSF (A(K))
106 KK=J+JJ
W(KK) =A (K)
9 CONTINUE
REWINC NT2
10 NO=NO+1
1=3%L-3+IREAD
FINAL=Y (D)
IF(FINAL-1.0) 606,605,605
€56 WRITE OUTFUT TAPE NT3,750,FINAL
750 FORMAT(1H1,F13.5)

-
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GO TO 751%
655 WRITE QUTFUT TAFE NT3,500,FINAL
500 FORMAT(1KH1,F13.2)
751 CALL GRID (NT1,25,20,119,903)
1F(L-6) 26,26,11
26 WRITE OUTFUT TAFE 6,660
660 FORMAT(1HO)
CaLL SET(444)
WRITE OUTFUT TAFE NT3,501
501 FORMAT (1H ,6HINCHES,4X,3K0.0)
1F (L-2) 90,19,2C
90 JJ=1
¢O 10 91
19 JJ=2
60 TO 91
20 WRITE OUTFUT TAPE NT3,508
508 FORMAT (1H ,5H/ SEQ)
1F (L~4) 90,19,93
93 WRITE OQUTFUT TAPE NT3,508
1F(L-6) 90G,19,11
91 FINAL=-FINAL
CALL SET(895)
1F (FINAL+1.0) 780,780,781
781 WRITE OQUTFUY TAPE NT3,754,FINAL
6O TO 782
780 WRITE OUTFUT TAPE NT3,5G2,FINAL
502 FORMAT(IH ,F13.2)
782 CALL SET(911)
WRITE OUTFUT TAPE NT3,503,Y(38)
503 FORMAT (1M ,14X,3KH0.G,48X,7HSECONDS,46X ,FT.2)
IF (L-2) 22,22,23
23 IF (L-4) 24,24,25
24 WRITE OUTFUT TAPE NT3,509 ,NO
509 FORMAT (1HO,16HVELOCITY VS TIME,100X,7HFLOT NO,12)
GO TO 12
25 WR1TE OUTFUT TAPE NT3,51D,NO
510 FORMAT (1HD,20HACCELERATION VS TIME,96X,7HPLOT NO,12)
O TO 12
22 WRITE OUTFUT TAPE NT3,504 ,NO
504 FORMAT (1HO,16HCISTANCE VS TIME ,100X,7HFLOT NO,12)
12 IF (IREAD-2) 14,15,16
14 WRITE OUTFUT TAPE NT3,50%,JJ
505 FORMAT (1HG,1HX,12)
6O T0 17
15 WRITE QUTPUT TAPE NTY3,506,JJ
506 FORMAT (1HO,1HY,12)
GO 10 17
16 WRITE QUTPUT TAPE NT3,507,4J
507 FORMAT (1HG,1HZ,12)
17 1:=3aL-3+IREAD
X(2)=-Y(1)
X(3) =Y (38)
X (4)=Y(l)
1F(Y(1)) €090,601,600
601 X(2)=-0.01
X(4)=0.01
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€50 7=0.0
CALL SCINIT (BUF,1G5,X,S,NT1)
11=1READ-3
CO 94 J=1,NFTS
11=11+3
CALL SCNFUT (T,W(ID) ,BUF,0)
T=T+TFLOT
94 CONTINUE
CALL STERM (NT1,BUF)
1READ=IREAD+1
1IF (IREAC-3) 10,10,3
5 J=1
150 NO=NO+1
IF (FINAL-1.0) 757,758,758
757 WRITE OUTPUT TAPE NT3,750,FINAL
GO 1O 759
758 WRITE OUTFUT TAPE NT3,500,FINAL
759 CALL GKIC (NT1,20,20,119,903)
11 WRITE QUTPUT TAPE 6,660
CALL SET(444)
WRITE QUTFUT TAPE NT3,511%
511 FORMAT (1M ,7HDEGREES,3X,M0.0)
IF (L-9) 27,28,28
28 WRITE QUTPUT TAPE NT3,508
IF (L-11) 27,29,30
30 IF (L-12 27,29,27
29 WRITE OUTFUT TAPE NT3,508
27 CALL SET(895)
FINAL=-FINAL
IF(FINAL+1.0) 752,752,753
753 WRITE OUTPUT TAPE NT3,754,FINAL
754 FORMAT(IH ,F13.5)
GO 10 755
752 WRITE OQUTPFUT TAFE NT3,502,FINAL
755 CALL SET(911)
IF (L-1® 31,3:1,32
31 WRITE QUTPUT TAFE NT3,503,Y(38)
GO TO 33
32 FINAL=-FINAL
609  WRITE OUTFUT TAPE NT3,512,FINAL
512 FORMAT (1M ,14X,3H5.0,47X ,7HDEGREES 48X ,F6.1)
33 IF (L-8) 36,34,35
36 Ji=t
¢O TO 39
34 JJ=2
39 WRITE QUTPUT TAPE NT3,513,NO
513 FORMAT (1HO,I13HANGLE VS TIME,103X,7HFLOT NO,12)
GO TO 40
35 IF (L-10) 41,37,38
41 J3=1
GO TO 700
37 JJ=2
700 WRITE OUTPUT TAPE NT3,509,NO
6O TO 40
38 IF(L-12) 701,44,45
701 JJ=1%

143



JPL TECHNICAL REPORT NO.

144

44
702
4G
46
514

47
515

48
516

4%
517

770

771

4%
53

€5

151

€6

68

€9

70

T2

7

73
152
74
67
75

78

105

32-912

SEFARATION OF TwO BOCIES IN SFACE

6O 10 702

Jyz=2

WRITE CUTFUT TAFE NT3,510G,NO
1F (IREAC-2) 46,47 ,48

WRI1TE QUTFUT TAFE NT3,514,JJ
FORMAT (1HO,5HTHETA,12)

GO TO 49

WRITE OUTFUT TAPE NT3,515,4)
FORMAT (1HG,3HPHI ,12)

GO TO 49

WRITE OUTPUT TAPE NT3,516,4J
FORMAT (1HO,3HPSI,12)

GO TO 49

WRITE QUTFUT TAPE NT3,517,NO

FORMAT (1HO,17HVELOCITY VS ANGLE ,99 X,7HFLOTY NO,12)
IF(L-13) 776,771,770

Ja=2

GO TO 40

J4=1

CO TO 40

1F(L-12) 17,17,53

X{3=Pl2

CALL SCINIT (BUF,100,X,S,NT1)
1=J

IF( J-MPTS) €5,151,152

CALL SONPUT (W(J) ,W(J+1) ,BUF,0)

I=4+2

CALL SONFUT (W(D) ,W(l1+1) ,BUF,0)
IF (W(I)-W(J)) €9,68,67
J=1

1=1+2

IF (1-MFYS) 65,152,152

K=l

160=1

IF (W(K+2) -W(K)) 71,71,72
J=K+2

CALL STERM (NT1,BUF)

<O TO 150

K=K+2

CALL SONPUT (W(K) ,W(K+1) ,BUF ,0)
IF (K-MFTS) 73,73,74

GO TO (70,75),160

CALL STERM(NTS,BUF)
IREAC=1READ+1

1F (IREAD-3) 78,78,3

k=1

16022

IF (W(K+2)-W(K)) 72,71,71
IREAD=1

Y(19)=180.0

Y(22)=180.0

CO 105 1=1,2
Y(1+19)=360.0

Y(1+22) =360.0

CONTINUE
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102
163

603

€02

110

1G1

SEFARATION OF TWO BOCIES IN SFACE

READ TAPE NT2,(4A(K) ,K=1,36)
IF (L-13 162,103,102

1=3

K=1B+IREAD+]

X(2)=-Y(K)

X (4)=Y(K)

IF(Y (X)) 602,603,602
X(2)=-G.01

X(4)=G.01

FINAL=Y (K)

W(l) =A(K)

W(2) =A(K+6)

Y (K+6) =ABSF (A(K+6))

J=1

DO 104 11=2,NFTS

3=J+2

REAC TAPE NT2, (A(K) ,K=1,36)
W{J) =A(K)

W{J+1) TA(K+E)

IF (ABSF (W(J+1)) -Y(K+6)) 104,104,110
Y (K+6) —ABSF (W(J+1))
CONTINUE

REWIND NT2

GO TO S8

CALL CHAIN(1,3)
ENo(:,0,0,0,0,9,1,0,9,1,4,0,0,0,0
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Sample Problem

CASE 23904
INFUT CATA
DELTA TIME = 1.005E-02 SEC CELYA PRINT= G.100E-00 SEC TIME (INITIAL) O. SEC SFIN-UF RATE O. DEG/SEC
INFUT FOR BODY1 MASS = 0.1000000E 04 LBM
INERTIA MATRIX LBM IN SG RATES ABOUT DRAWING COORDS IN DRAWING
BOARD AXIS DEG/SEC BOARD €S OF CM-INCHES
1XX 06.9272000E 06 1vy 0.95040C0E 06 X G. X 0.
1xy o. Iy2 G. Y O. Y G.
1x2 o. 122 0.4636000E 06 ¥4 o. z 0.1500000€ D2
INFUT FOR BOCY?2 MASS = G.1800000E D4 LBM
INERTIA MATRIX LBM IN SQ RATES ABOUT DRAWING COORDS IN DRAWING
BOARD AXIS DEG/SEC BOARD CS OF (M-INCHES
1XXx G.1159000€ 07 Iry G.1159000E 07 X 0. X G.
Ixy o. 1Y2 G. Y 0. Y o.
1x2 o. 122 0.4636000E 06 4 0. Z -0.1000000E 02

Icc =0 IPk = O 16 = 3 IPN = 0 IRK = 1 ISF = 4 Isu = 0 INn =0

BOCY 1-FIXED AXES X vy 2z
DRAWING BOARC AXES X Z-y

BOCY 2-FIXEL AXES X Y 2
CRAWING BOARL AXES X Z-Y
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COLL GAS JET INFUT
F3 5.150G0G00E G1

ux
~G.1000000€E D1
0.5G06000E GO
6.500GO00E 0O
CONSTANTS JET I

F1 LBF
0.5000000E 02
G.500G000E G2
0.5G00000E G2

ROCKETS INPUT

ux
0.
TIME FIRING
STARTS SEC
0.1000000E 02

XX
O.
MASS FLOW RATE
By 1
G.

SFRING INPUT
EFFICIENCY
0.1000500E D1

VALUE JET FORCE BECOMES ZERO O.
COSINE ANGLE THRUST ANC CRAW BOARD-BOCY 1

Uy
Q.
~-0.8660000E 0O
0.8660000E 0O

F2 1/S8EC

0.100G000E 01
G.100G0C0E 01
0.1000000E G1

vy
0.
TIME FIRING
CEASES SEC
0.150G000E 02

DECREASES IN PRINCIFAL MOMENTS OF INERTIA LBM

BODY 1
Yy
o.
LBM/SEC
BODY 2
o.

RESTRICT INDEX

2

vz

g.
C.

ON SEC
$.2000000€ 01
G.2000C00E O1
G.200G000E 01

LBF

X
G.
0.5640000E 02
-0.564G000E Q2
TIME JET I GOES
OFF SEC
0.7000000E 01
G.7000000E D1
0.7000000E Of

COSINE ANGLE THRUST ANC DRAW BOARD

vz
0.100000CE 01

44
G.

THRUST MAGNITUDE
LBF

0.1000000E O3

COSINE CRAW BOARC ANC SFRING

ux
G.
G.
G.
O.
INITIAL FORCE
LBF
0.4000000E G3
G.40NGO00E O3
G.4000000E G3
G.3200000E O3

vy
G.
G.
G.
a.

SFRING CONSTANT

LBF/IN
G.1000000€ O3
G.100G0G0E O3
G.1000GGOE O3
G.8C00C0O00E 02

vz
0.1000000E D1
0.10G0G00E 01
0.1000000E 01
0.1000000E 01
RESIDUAL FORCE
LBF
-0.
-0.
-0.
-0.

ux
O.

XX
o.

COLD GAS JET LOCATIONS-IN

Y
-0.6500000E 02
G.32506G00E 02
0.3250000E 02

BODY 2
vy

IN SQ/SEC

BOY 2
Yy
0.

ROCKET LOCATIONS

b 4
o.

X
~-D.5660000E 02
~-D.5660000E 02

0.5660000E 02
0.5660000E 02

Y
o.

SFRING LOCATIONS-IN

Y
-0.5660000E 02
0.5660000E O2
0.5660000E 02
~0.5660000E 02

JPL TECHNICAL REPORT NO. 32-912

4
6.15G0G000E 62
0.150G000E 02
0.15GGO00E 02

vz

22

-0.
-0.
-G.
-0.
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TIME = O. SECOND'S STEF SI1ZE= 1.0GGOCODOE-O2
BODY 1
SFEED OF CM = O, IN/SEC
RATE ABOUT INSTANTANEQUS AXIS= O, DEG/SEC MAGNITUDE VECTOR SUM OF PITCH-YAW RATES=  D.
INERTIAL COORDS-INCHES  1ST DERIVATIVE /SEC EVULER ANGLES-DEGREES $1ST DERIVATIVE /SEC RATE ABOUY
BOCY AXES CEG/SEC
X o. X . THEYA 0.9000000E 02 THETA O. X 0.
Y a. Y o. FHI a. PHI o. Y -0.
2 0.16GT143E 02 2 0. Ps1 D. PS] -0. 4 0.
8o0Y 2
SPEEC OF CM = O, IN/SEC
RATE ABOUT INSTANTANEOUS AXIS=z  O. DEG/SEC MAGNITUDE VECTOR SUM OF PITCH-YAW RATES= O.
INERTIAL COORDS-INCHES  1ST DERIVATIVE /SEC EULER ANGLES-DEGREES 1ST DERIVATIVE /SEC RATE ABOUT
BODY AXES DEG/SEC
X o. X -0. THETA 0.9000000E 02 THETA O, X 0.
Y 0. Y 0. PHI 0. PHI 0. Y -0.
b4 -0.8928571E D1 b4 G. PS1 0. PSI  -D. b4 o.
SEFARATION CISTANCE =  G.2500000E G2 IN SEPARATION VELOCITY = 0. IN/SEC
CONSTRAINT VALUES  G.1907349E-05 -D0.1907349E-D5 -D.
Al A2
1.DOODOCE 00 O. o. 1.00000CE OO0 O, 0.
-0. 0. 1.G0O000CE OO0 -0. 0. 1.00000CE 00
G. ~1.00000CE GO O. o. -1.00000CE OD O.
SPRING 2 INTERCHANGED WITH 3 AT T= 0.900CE-D1
TIME = 0.1000000E-00 SECONDS STEFP S1ZE= 0.1979D60E-D8
BoDY 1
SPEEC OF CM = G.3856862E D2 IN/SEC

RATE ABOUT INSTANTANEOUS AXIS=

INERTIAL COORCS-INCHES 18T DERIVATIVE /SEC

X 0.6388861E~02 X -0.10058256-00
Y -0.6918635€-02 Y 0.1048707E-00
4 D.18476882% 02 4 0.3856835E 02
BooY 2

SPEED OF (M = 0.2142701E 02 IN/SEC

RATE ABQUT INSTANTANEOUS AXIS=

INERTIAL COORCS-INCHES 18T DERIVATIVE /SEC

X ~0.3549367E-02 X 0.5587918€-01
Y C.3e43606E-02 Y ~0.5826150E-01
4 -0.1026601E 02 b4 -0.2142686E G2

SEFARATION DISTANCE = 0.2874483E 02 IN

CONSTRAINT VALUES 0.1382828E-04 0.1192093-04
Al

0.130300E-04

-0.309619E-~02

-0.999995E 0

0.999995¢ 00
G.306780€-02
0.353144€-05

-0.306778E-02
0.999990€ 0O
-0.309621E-02
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0.1558812F 01 DEG/SEC

0.1657113E 01 DEG/SEC

MAGNITUDE VECTOR SUM OF P1TCH-YAW RATES= 0.1558812Z& D1

EULER ANGLE S~-DEGREES 1ST DERIVATIVE /SEC RATE ABOUT

BODY AXES DEG/SEC
THETA D.9017740E 02 THETA -0.1139844E O1 X -0.11396847E 01
FH1 0.2023377e-03 PHI 0.2991826E-02 Y -0.1063316€ 01
Ps1 0.3598242% 03 Fsl 0.31063326E 01 4 -0.5050041E-03

MAGNITUDE VECTOR SUM OF F1TCH-YAW RATES= 0.1657113€ 01

EULER ANGLES-DEGREES 1ST DERIVATIVE /SEC RATE ABOUT

BODY AXES DEG/SEC

THETA 0.8985526F 02 THETA 0.1195752€ D1 X 0.1195756E D1
PHI 0.3599993€ 03 PHI 0.2933975E-02 Y 0.1147254E 01
FslI 0.1463796E-0D PSl  -0.1147261E 01 b4 ~0.1209621E~03

SEFARATION VELOCITY = 0.5999563E 02 IN/SEC

~-0.3784180E-02

[Y4
-0.576893E-05
0.252612€-0D2
-0.999997E 00

0.999997¢ OC
~D.255478E-02
~0.122226E-04

0.2554806-02
0.999994E DO
0.252610E-02
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TIME = 0.2000000E-00 SECONDS STEF SIZE= 0.3841706E-0D8
8OCY 1
SFEED OF CM = 0.3878719E D2 IN/SEC
RATE ABOUT INSTANTANEOUS AXISs= G.2460264E 01 DEG/SEC MAGNITUCE VECTOR SUM OF FITCH-YAW RATES= 0.2460264E D1
INERTIAL COORDS-INCHES 18T DERIVATIVE /SEC EULER ANGLES-DEGREES 18T DERIVATIVE /SEC RATE ABOUT
BOOY AXES DEG/SEC
X ~0.3952325€-02 X ~0.1033879E-00 THETA 0.9000176E U2 THETA -0.1785013E O1 X ~D.1785013E D)
Y 0.389323%E-02 Y 0.1080947E-00 FHI 0.4212135€-03 FHI ~0.4926649E-03 Y -0.1693112¢ D1
4 G.2235669E 02 Z G.3878690E G2 FSI 0.3599907¢ 03 Fsl 0.1693112 Of 4 -0.7811086E-03
BOCY 2
SFEED OF C™M = 0.2154844E 02 IN/SEC
RATE ABOUT INSTANTANEQUS AXIS= 0.2395754E 01 DEG/SEC MAGNITUDE YECTOR SUM OF Pl TCH-YAW RATES= 0.2395754E 01
INERTIAL COORDS-INCHES 1ST DERIVATIVE /SEC EULER ANGLES-DEGREES 18T DERIVATIVE /SEC RATE ABOUY
BODY AXES DEG/SEC
X 0.2195736E-02 X G.5743775E-01 THETA 0.900248CE 02 THETA ©.1718265E D1 X 0.1718265€E 01
Y -0.2162911€~-02 Y ~G.6005260E~01 PHI 0.3599995€ 03 PHI -0.6665016E-03 Y 0.1669491E 01
z ~0.1242038E 02 4 -0.2154828E 02 FPSI 0.3599817€ 03 £33 ~0.1669491E D1 4 ~-0.1181567E-03
SEFARATION DISTANCE = 0.34777G7E G2 IN SEFARATION VELOCITY = 0.6033563E 02 IN/SEC
Al A2
1.GDOD00E GO 0.735653~05 -~0.1615922-03 1.000000E 00 -~0.904473E-05 -0.319127£-03
0.1615926-03 -0.307213€-04 1.0000C0E 00 0.31912%¥-03 -D0.432788£~-03 1.00DD0OE 0O
0.735156E-05 -1.000000E 00 ~0.307225E~04 ~0.918284E-05 ~1.000000E 00 -0.432786E-03
TIME = 0.3000000E-D0 SECONDS STEF SIZE= 1.000D0DCE-D2
BODY 1
SFEEC OF (M = G.3878719E 02 IN/SEC
RATE ABOUT INSTANTANEOUS AXIS= G.2460264E 0% DEG/SEC MAGNITUDE VECTOR SUM OF FITCH-YAW RATES: 0.2460264E Ot
INERTIAL COORDS-INCHES  1ST DERIVATIVE /SEC EULER ANGLES~DEGREES 1ST DERIVATIVE /SEC RATE ABOUT
BCDY AXES DEG/SEC
X -0.14291126-01 X ~D.1G33879E-00 THETA 0.8982326E 02 THETA -0.17850028 O1 X -0.178501 2 01
¥ 0.1470271€-01 Y 0.1080947E-00 PHI 0.9500863E-04 FHI ~0.6031450E~02 Y ~0.1693114€ 01
z 0.2623538E 02 2 0.3878690E 02 FSI 0.1600579E~00 PSI 0.1693132 0% }4 ~0.1044927E-02
800Y 2
SPEED OF M = D.2154844E 02 IN/SEC
RATE ABOUT INSTANTANEQUS AXIS= 0.2395754E 01 DEG/SEC MAGNITUDE VECTOR SUM OF PITCH-YAW RATES= 0.2395754E D1
INERTIAL COORCS~INCHES 1ST DERIVATIVE /SEC EULER ANGLES-DEGREES 18T DERIVATIVE /SEC RATE ABOUT
BODY AXES DEG/SEC
x 0.7939511E-02 X G.5743775E-01 THETA 0.9019662% 02 THETA 0.1718256E 0% X 0.1718265E 01
Y -0.8168170E-02 Y ~0.6605260E~01 PHI G.35999%2¢ 03 FHl ~G.5673247E-02 Y 0.1669491E 01
4 -0.1457521€ G2 Z ~D.2154828€ 02 Fsl 5.3598148E 03 PSI ~D.1669511E 01 z -0.1180400E-03
SEFARATION CISTANCE = 0.4D81060E D2 IN SEFARATION VELOCITY = 0.6033563E 02 IN/SEC
Al A2
G.999996E DO 0.102754E-04 0.279352€-02 G.999995E D0 -0.363127E-05 -0.323299E-02
~G0.279354E-02 G.308467E-02 0.999991E 0O 0.323296E-02 -0.343173E-02 0.99998% 0O
0.165821E-95 -0.999995E 00 0.308468E-02 ~0.147260E-04 -0.999994E 00 -0.343170E-02
TIME = 0.4000000E-00 SECONDS STEP SIZE= 1.0000000E-02
BoCY 1
SPEEC OF (M = G.3878719E 02 IN/SEC
RATE ABOUT INSTANTANEOUS AXIS= 0.2460264E 01 DEG/SEC MAGNITUDE VECTOR SUM OF FITCH-YAW RATES: 0.2460264E U1
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X ~0.7368218E G2 X =-0.9488960F 01
Y 0.12974728 03 Y G.1650635E 02
4 0.2252492¢ 04 Z 0.2306667E 03
BODY 2

SFEEC OF M = 0.21548448E 02 IN/SEC
RATE ABOUT INSTANTANEOUS AXIS=

INERTIAL COORDS-INCHES 18T CERIVATIVE sSEC

X C.1145206E 01 X 0.5743775E~01
Y -0.1197209E 0% Y ~0.6G05260E-01
2 ~0.4412309E 03 4 ~-0.2154828E 02

SEFARATION DISTANCE = 0.2697942E 04 IN
Al

-0.296759E-00
0.895372E-01
0.950746E Q0

~0.954882€ 00
~0.399221E-01
~0.294290€E-00

~0.116058E-D01
0.995183E 00
-0.973447E-01

150

0.2395753E G1 DEG/SEC

THETA G.9558328E 02
FHI G.1971992¢ 03
Fsl 0.3593318E 03

EULER ANGLES-DEGREES

THETA 0.1220430E 03
FHI 0.3488800E 03
Fsl 0.3225498¢ D3

SEFARATION VELOCITY =

0.841199E 00
0.5154206 00
-0.1634822-00

MAGNITUDE VECTOR SUM OF FITCH-YAW RATES:

A2

0.163447£-00
-0.530567E 00
~0.831735 Q0

BODY AXES DEG/SEC
THETA -0.8919962E 01 X -0.2503493E D1
FHI -0.5528139€ 03 Y ~0.5693560€-01
Fsl -0.5375655E 02 Z ~0.5502550E 03

0.2395753 01

RATE ABOUT
BODY AXES DEG/SEC

1ST CERIVATIVE /SEC

THETA 0.1363998f 01 X G.1718224E D1
PHI -0.1232695€ 01 Y 0.1669532F 01
Fsl -0.2323547E 0% 4 -0.1147725E-03

0.2529652E D3 IN/SEC

~D.515431€ 0O
0.67293E DO
-0.530556E 0D
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TIME =
BODY 1
SFEEC OF (M = 0.2314800E O3 IN/SEC

RATE ABOUT INSTANTANEOUS AXIS: G.55052608E 03 DEG/SEC

G.1989999E T2 SECONDS STEF slzE= 1.0GGOODOE-D2

MAGNI TUCE

INERTIAL COORCS-INCHES 1ST DERIVATIVE /SEC EULER ANGLES-DEGREES

X -0.7178438E 02 X ~G.948896CE 01 THETA 0.8878715¢ G2
Y G.1263659E 03 Y G.1690635E 02 FH1 0.30722806¢ 03
4 0.2206359€ 04 z 0.2306667t 03 Fsl 0.5%482722 O1
BOCY 2

SFEEC OF (™ = 0.2154844E 02 IN/SEC

RATE ABOUT INSTANTANEOUS AXISs 0.2395753E 01 DEG/SEC MAGNT TUDE

INERTIAL COORDS-INCHES 1SY DERIVATIVE /SEC EULER ANGLES-DEGREES

VECTOR SUM OF FITCH-YAW RATES= 0.2444964E 013

1ST DERIVATIVE /SEC RATE ABOUY

BOCY AXES DEG/SEC

THEYA 0©0.5557124t G2 X -0.1459889 D1
FH1 ~G.5475667E G3 Y 0.1961268E 01
Fsl 0.9628836E Ot z ~0.5502554€ 03

VECTOR SUM OF FITCH~YAW RATES=S G.2395753 M

1ST DERIVATIVE /SEC RATE ABOUT

BOCY AXES DEG/SEC

X 0.1133719€ 01 X G.5743775E~01 THETA ©0.1217694E 03 THETA 0.1372404E 01 X 0.1718225%€ 01
Y ~0.1185198E 01 Y ~0.6005260E -01 FHI 0.3491248E 03 FHI -0.1216021E 01 Y 0.1669532E 01
2 -G.4369213 03 4 ~0.2154828E 02 PSI 0.3230132% G3 Fsl ~0.2309770E 01 b4 ~0.1147592£-03
SEFARATION DISTANCE = 0.2647360E 04 1IN SEFARATION VELOCITY = 0.25296528 03 IN/SEC
Al A2

0.603492 00 -0.790609E OO 0.103607E~00 0.844191€ 00 0.160367E-00 -0.511493E OD

~0.4593426-01 G.952499E-01 0.994393% U0 0.511480c 0D -~0.526513 00 0.679097¢ GO

-D.796045E OO0 -G.6G4867E OO 0.211666E~-01 ~0.16040Z-00 -0.834905E 00 ~0.52650Z 00

TIME = 0.1999999E 02 SECONDS STEF SIZE= 1.0000000E-02
BCDY 8
SFEEC OF (M = 0.2314800E O3 IN/SEC

RATE ABOUT INSTANTANEOUS AXIS= 0.55G2607E 03 DEG/SEC MAGNI TUDE

INERTIAL COORDS-INCHES 1ST DERIVATIVE /SEC EULER ANGLES-DEGREES

X -0.7273328E Q2 X -0.9488960€E 01 THETA 0.9393443E 02
Y G.1280565E O3 Y 0.1690635E 02 PHI 0.2524090c 03
r4 G.2229426E D4 2 0.2306667E 03 Psl 0.4360648E 01
BODY 2

SPEEC OF (M = 0.2154844E 02 IN/SEC

RATE ABOUT INSTANTANEOUS AXIS= 0.2395753E 01 DEG/SEC MAGNT TUDE

INERTIAL COORDS~INCHES 1ST DERIVATIVE /SEC EULER ANGLES-DEGREES

X 0.1139463E D1 X G.5743775E-01 THETA 0.1219064E 03
Y -G.1191204E 01 Y ~0.6005260E -01 FHI 0.3490028E O3
2 -G.4390761E 03 r4 ~G.2154828E 02 Fsl 0.3227818E 03

SEFARATION DISTANCE = 0.2672651E G4 IN SEFARATION
Al
~-0.948902€ 0OGC
0.931555£-01

0.301508E-00

-G.30G6318E-G0
-0.422379€-01
-G.9509%2% 00

0.758550E-01
0.994755€E GO
~0.686149E-01

0.842698E 00
0.513455E 00
-0.161939E-00

TIME =
BOCY 1
SFEEC OF (M = G.23148G0E 03 IN/SEC

RATE ABOUT INSTANTANEOUS AXIS: 0.550260G7€ 03 DEG/SEC

G.20G9999E U2 SECONDS STE¥ S1ZE= 1.0000000E-D2

MAGNT TUDE

INERTIAL COORDS-INCHES

18T DERIVATIVE /SEC EULER ANGLES-DEGREES

0.161904E-00
~0.528544E 00
~0.833323% 00

VECTOR SUM OF FITCH-YAW RATES= 0.2486550E 01

1ST DERIVATIVE /SEC RATE ABQUT

BODY AXES DEG/SEC

THETA UD.396034E 02 X ~0.22431270E 01
PHI -0.57012%2% O3 Y 0.1076865€ 01
PSI ~0.3882392E 02 Z -0.5502551E O3

VECTOR SUM OF PITCH-YAW RATES= D.2395753E D1

1ST DERIVATIVE /SEC RATE ABOUT

BODY AXES DEG/SEC

THETA 0.1368219€ D1 X 0.1718224€ 01

FHI -0.1224345€ 01 Y 0.1669532¢ 01

Fsl -0.2316640c 01 z ~0.1147325E~-03
VELOCITY = G.2529652 03 IN/SEC

A2

~0.513466E DO
0.676021E 00
~0.528534E 00

VECTOR SUM OF FITCH-YAW RATES: 0.2504141E 01

1ST DERIVATIVE /SEC RATE ABOUT
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